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I. INTRODUCTION

A. PP, OGRA/_ OBJECTIVES

The over-all objectives of this program have been to pursue research and de-

velopment on arnmonia-£ueLed electrothermal thrustor systems of the resistance

type. The resistojet thrustor system under investigation has been defined to

include the propellant feed, power conditioning, control logic, sensor, and

thrustor subsystems. Thrustor systems were investigated for operation at

thrust levels I00 to 1000 micropounde and power Levels (to 50 watts) to be com-

patible with the control requirements and power Limitations of satellites in the

1000-pound class. The ultin_ate objective of the progran% was to provide the

technology required to develop a complete flight-qualified, three-axis resistojet

attitude control system.

B. PP_OGRA_M ORGANIZATION

This program originated from the Eiec_ric Propulsion Office of d_e :qi3_:_ Le_"ls

Research Center. Mr. Henry Hunczak was Project IV_anager for the NASA

Lewis R.esearch Center. The Project Director a_. Avco/SSD ,:.'asDr. R. R. Johr..

The other participants in this program and their principal areas of contribution

were: Dr. S. Bennett and Dr. D. !Viorgan, h4r. W. Hues, iVLr. 3". IvLalenda,

and Mr. W. Davis, Thrustor and Test Systeun Design and Developr!nent; Mr. P,.

Coulombre, Mr. H. D'Auriol, and l%Ir. J. Olbrych, System Design and Develop-

ment.

C. PROGRAM SCHEDUL/NG

This is the final report on Contract NAS 3-5908.

D. SUMMARY

The over-all objective of this program has been to carry-out research and

development on resistojet thrustor systems for the attitude and orbit control of

satellites in the 500- to 1000-pound class. Program emphasis has been on the

development of thrustors for operation at the i00- to 1000-micropound thrust

level, and for operation at input power levels of the order of 10 watts.

There are two basic concepts for the Low-power resistoje_ thrustor. These are

thermal storage and fast heat-up. In the thermal storage resistojet, thrustor

power is continuously supplied to the heater element and only the propellant

flow is pulsed. The heat capacit 7 of the thermal storage unit is sufficiently

great that the temperamare of the heater element remains essentially constant

during short propellant pulses. In the fast heat-up resistojet thrustor both the

power and the propellant flow are pulsed. In contrast to the therma_ storase

-1-



device, the heat capacity of the fast heat-up device is held to a minimum. The

advantages of the thermal storage device include no thermal cycling, minimum

time delay between input signal and resulting impulse bit, and constant power

input, which reduces system complexity; the main disadvantage of the thermal

storage unit is the high average power consumption, and the resulting large

system weight. The primary advantage of the fast heat-up unit is low average

power consumption; disadvantages include the necessity for frequent thermal

cycling and the existence of a delay time between the input signal and the time

that the thrustor is at operating temperature. In the present program primary

emphasis has been on the development of the fast heat-up resistojet.

A critical problem in the evaluation of low thrust propulsion devices is the

measurement of engine thrust at thrust levels below t0 .3 pound. During the

course of the program two separate thrust measurement techniques have been

developed. There are a xvire-in-tension thrust stand and an in-pulse table.

The thrust stand has a thrust n%easurernent capability of ± 5 rnicropounds, and

the impulse table has an impulse bit capability of ± 10 -6 Ib-sec. The basic

n_easuren%ent device for the wire-in-tension thrust stand is a direct measure-

ment displacement transducer; the angular velocity change of the impulse table

is measured with on-board rate gyroscopes. Steady-state thrust data for a

simple ori/ice have been obtained on both the w'ire-in-tension thrust stand and

the single-axis wire table; the results from the two facilities were found, within

the limits of experimental error, to be in agreement over the thrust range from

50 to 1000 micropounds.

An 11-rail diameter orifice has been operated with cold ammonia at thrust levels

from 5 to I000 micropounds. Although both the orifice coefficient and nozzle

thrust coefficient decreased with decrease in thrust level or throat Reynolds

number, the measured specific impulse, proportional to the ratio of nozzle

thrust coefficient to orifice coefficient, was relatively insensitive to thrust

level, do_vn to thrust levels of the order of 5 rnicropounds. The orifice perfor-

mance data were obtained at a back pressure oi less than I micron. At back-

pressure levels greater than 1 micron the thrust level was found to decrease

with increase in back pressure. The cause of this effect is not clear and is

still under investigation.

ExperL-nental studies of a single-pass rhenium heater element indicate that it

has a heat transfer capability of greater than 5 watt/crn and an ammonia tem-

perature capability of at least 2000" K (3140" F). The electric-to-gas power

efficiency varies from about 75 percent at engine temperatures of 750 ® K to

about 20 percent at engine temperatures of 2000" E. On tLe basis of mass flow

and chamber pressure measurements it is estimated that ammonia dissociation

is" initiated at about 1250" K and is completed at about 1750" E.

The rhenium fast heat-up thrustor has a maximum specific impulse capability

of at least 300 seconds using ammonia as a working fluid. The cold arnmo_ ia
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specific impulse is about 95 seconds. At the high (300-second) specific impulse

levels the over-all electric to thrust power efficiency for the engine is, however,

less than l0 percent. The fast heat-up thrustor is thus primarily of interest

for low duty cycle applications, or for applications involving very low thrust and

power Levels.

A single-axis resistojet attitude control and station keeping system has been

designed, developed, constructed, and evaluated on the air-bearing attitude

control system test bed Located at the NASA/Lewis Electric Propulsion Test

Facility. The air-bearing attitude control system test bed has a moment o£

inertia about the vertical axis o£ about 30 slug-ft Z. The test bed is completely

isolated £rom the laboratory and is selfcontained. Power is supplied by on-

board batteries, and communication from the test bed is accomplished by an

on-board telemetry system. The over-all purpose of the initial fast heat-up

resistojet system tests has been to hold the test bed to 0. 50 degree for extended

time periods and to thereby demonstrate the feasibility of the fast heat-up re-

sistojet control system concept for an ACS.

The single-axis resistoje_, control syste.,-n contaLns an arnn-.onia feee svs=en:,

control logic package, power and signal conditioning package, arid an on=hoard

position sensor. The propulsion system contains three lO-v_-att, fast heat-up

•resistojet engines; V_vo for attitude control and one for station keeping. The

telemetry system contains eight input command channels and twenty-four out-

put channels. The control logic package contains circuitry for estimating

vehicle ansulaz rate £rorn the position output o£ the sensor; the control logic is

therefore based on both vehicle angular position and angular rate.

The resistojet ACS has been successfully operated on the air-bearing altitude

control svstern test bed located at NASA Lewis. The resistojet ACS has demon-

strated acquisition, and both soft and hard limit cycle operation over a range

of input disturbance torques from 200 to I000 d_.e-crn.

Pre[inninary studies have been completed on a three-axis ACS for application

to satellites in the 500- to lO00-pound class. Po;ver conditioning for the [o_v-

resistance (order of O. I0 oh_-r..)resistojet engines is acco_p!ished by inverting

the direct-current power from the power supply into I000-HZ alternating current,

and stepping down the voltage (Z4 volts to I volt) with a light'weight transformer
located at the thrustor.
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IL RESISTOJET ENGINE DEVELOPMENT

A. KEQUIl%ED ENGINE PROPULSION PERFO_NCE CHARACTERISTICS

I. Minimum PropeLlant _equirements

In the evaluation of electric or other propulsion devices for the attitude

control and station keeping of satellites the main criteria to be considered

are system reliability and weight. Further, the relative weights and reli-

ability of the different systems can be compared only within the constraints

established by a particular mission. The operating principles of a thrustor

can be generalized; however, the propulsion performance required of an

attitude control and station keeping thrustor system must be associated

with a particular mission.

The major portion of the over-all program e£_ort is currently being concen-

trated on the development of resistojets suitable for the attit_Ade control and

station ;_eepi.n_ of • _ _ . .... s_ecifiz,--t:.cns _:,_._'.zr _o th_s_ _ho,,:n :.n

Table I.

TABLE I

SATELLITE MISSION AND DESIGN REQUIREMENTS

a. Satellite Type Synchronous

b. Satellite Size

Configuration

Weight

_oll _ioment of Inertia

Pitch and Yaw A_oment of

Inertia

IVLoment Arm

[_ight Circular Cylinder

500 Ibs.

41.2 slug-f= 2

32. 7 slug-ft 2

Z feet

c. Attit_lde and Star/on Tolerances

Attitude

Station
± 0. 5 degree

± 0. I degree

d. Attitude Distnarbance Torques

Disturbance Torques 0 to 500 dyne-cm

e. Lifetime I to 3 years

-5-
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The major vehicle attitude disturbance torque at the Z4-hour altitude is due

to solar radiation pressure (ref. I); other torques result from gravity

gradient, interaction of on-board electromagnetic fields with external fields,

etc. If the assumed 500 dyne-era disturbance torque acts for I year, (3.15

x 107 seconds) the minimum required correction angular impulse for a

single axis is (500 dyne-cm) x (3. 15 x 107 seconds ) = 15.7 x 109 dyne-

cm-sec/year/axis or 1170 Ib-ft-sec/year/axis. Assuming a Z-foot moment

arm for the attitude control _hrustors, the minimum required impulse for

attitude control is 585 ib-sec/year/axis.

The minimum possible value for the control thrust is given by (500 dyne-

cm) / (2 feet) (30.4 cm/ft) = 8.24 dynes or (8.24 dynes) x (Z. 248 x 10 -6

Ib/dyne) = 0. 0185 x 10 -3 lb. The vehicle must thus be controlled by a

series of impulse bits, each of which has a greater amplitude than the i. 85

x 10 -5 pound required for minimal control of the 500-pound satellite.

The major perturbations on the vehicle orbit are due :o earth triaxiality

and the sun-moon perturbation (ref. 2). Correction for the sun-moon

gravita:ional perturbations is 163 ft/sec/year, assuming a_% op:imum thrust

mode of two nodal firings per day (ref. 3) the earth's triaxiality requires

(ref. 3) a correction of 7 ft/sec/year. Thus, the minimum required veloc-

ity correction for station keeping is about 170 It/sec/year. For non-optimum

applied thrust modes, this value might increase to 270 ft/sec/year (ref. Z).

The minimum impulse to maintain _he 500-pound satellite on station for one

year is AVIVl : (170 ft/sec) (500 Ib/3Z. 2 ft/sec 2) = 2640 lb-sec/year. This

value of impulse required for station keeping is to be compared to the 1755

Ib-sec/year required for three-axis attitude control. The minimum impulse

requirement for the 500-pound satellite is then 4395 ib-sec/year.

The fuel required to produce a Riven impulse /Fdt is, of course, a function

of the specific impulse and is given by /Fdt/Isp. Values of she minimum

amount of propellant required during a three-year time period for the attitude

control and station keeping of the design satellite are presented in Table II

and Figure 1. The total effective impulse is 4395 lb-.sec/year or 13,200

Ib-sec for three years.

Q

It is to be stressed that the preceding propellant requirements are "ideal"

values. The "actual" propellant requirements depend on the type of control

logic, and the nature and frequency of the applied iznpulse bits. It is unlikely

however, that the actual propellant requirements _,ill be more than a

factor of 2 or 3 greater than the values shown in Table II and Figure 1. In

the idealized case it is noted that the absolute weight saving in propellant

obtained by increasing the specific impulse from 50 to 300 seconds is

220 pounds; this is a considerable fraction of the total 500-pound weight

of the satellite. If the weight of the power supply and other equipmen:

required to attain 300 seconds in the attitude control and station keeping

-6-
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TABLE II

SATELLITE PROPELLANT REQUIREMENTS (MINIMUM)

(Total Required Impulse 13,200 seconds)

Spe civic Impulse

Isp
(seconds)

5O

100

X00

3OO

5OO

1000

5000

I0000

Pr opellant Weight
for Attitude

Control

Wprop ' AC
(pounds)

I05 j

52.5

26.3

17.5

10.5

5.3
i

1.05

.53

Propellant Weight
for Station

Keeping

Wprop" SK
(pound s)

159

79.5

39.7

26.5

15.9

7.9

1.59

•79

Total

Propellant

Weight

Wprop" , total
(pounds)

Z64

132

66

44

Z6.4

13.2

Z. 64
1.32

thrustors is considerably less than ZZO pounds, there will, of course, be

considerable motivation to use the 300-second system.

Thus far attention has been focused on idealized attitude control and station

keeping systems. No mention has been made of the size, i. e, thrust and

duration, and the frequency of the impulse bits required for actual satellite

control. The following sections present a b.igh!y sirnplified discussion of

satellite control lo_2icwith the purpose of establishing the width, amplitude,

and frequency of the applied impulse bits required for satellite attitude and
orbit control.

Z. Soft Versus Hard Cycle Operation

For a given disturbance torque on the satellite,rd ,there are two basic control

cycles for applying the control impulse bit, Kc; these are the soft cycle

and the hard cycle. In the soft cycle the disturbance torque, rd , pushes

the vehicle in one direction and the control impulse bit, K_, pushes itback

the other way. The control impulse bits are scheduled such that all the

control impulse goes into countering the disturbance impulse. All the pro-

pellant is used to counterbalance the disturbance torqae, in the hard cycle.

on the other hand, some of the delivered impulse counters impulse delivered

at the other end of the cycle as well as the applied disturbance impulse. As

a result, the propellant consumption in the hard cycle is greater than that

for soft cycle operation at a given disturbance torque level. It is, there-

fore, advantageous to control the attitude of a satellite by means of soft as

opposed to hard cycle operation

-8-



In order that soft cycle operation be attained it is sufficient that the control

impulse bit be equal to or less than the impulse bit given by the equation

(ref. l) (also see Equation 52).

2 [_, ird]I/2 (1)
FTthruSCmax = KCmax = T

where, l is the thrustor moment arm, 8" is the attitude angular accuracy.

I is the vehicle inertia, and :d is the disturbance torque. Thus, the maxi-

mum impulse bit which can be used and still have soft cycle operation in-

creases _vith increase in the a_t/tude angular accuracy, with increase in

vehicle inertia and increase in disturbance torque. Values of the maximum

impulse bit which can be tolerated for soft cycle operation of the design

satellite as a function of dis_rbance torque are presented in F_gul-e Z.

R.eferring to Figure 3, assuming a maximum disturbance torque of 500 dyne-

cm the control impulse bit must be less than about 5 x 10 -3 lb-sec. On

the other hand, if the disturbance torque is only 5 dyne-cm, the control

irnoulse bit rnust be reduced by a factor of I0 to 5 x I0 "4 ib-sec in order

_o assure _af_ cycle opera_ion.

From Equation (I) i: irnrnedia:ely follows tha_, for a _iven inz.pulse hi: and

veMicle, the disturbance torque must be greater than a critical value in

order to establish a soft Limit cycle. The minimum value of the disturbance

torque required to establish soft cycle is given by the equaZion

K=2 12 I

'a>mi-- 4 0"--'T (Z)

As mi_=ht be expec_.ed the !crier the applied control irnpu!se bit the lzr_er

the applied disturbance torque sufficient to bring about a soft limit cycle.

3. Soft and Hard CYcle Pro Dell,ant l_equirernents

As indicated, in the sofz limit cycle =he inpu= disturbance, ri , is exzctlv

counterbalanced by _he average _orque introduced by _he a=ti_ude con_roi

thrustors. The basic equation for the total impulse required for soft limit

cycle operation is given by

m*ss,o, all

pulses

where, N, is the total number of impulse bits per mission and F is the

amplitude of the thrust pulse.

(3)

The propellant flow during an impulse _it

-9-
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is given by F/Isp, the total propellant used during an impulse bit is

fFdt/Isp = Kc/Isp. The propellant used during a mission is NK/Isp.

"Therefore, the propellant weight is given by

fni rd dt
NK e . ssio. rd Tm

WPmP = l " I IspIsp Isp

(4)

whet e,

Tm is the total mission time.

The number of cycles is immediaZel 7 given by

N
r d T m

l K c

(s}

Referring to Equation (4), the required weight of propellant for soft cycle

operation increases linearly ..vital_ne ciis_uroance _orqu_ and cnL_aion _inu¢

and is inversely proportional to the specific impulse. Values of the fuel

consumption per axis for a 3-year mission as a fun%orion of disturbance

torque and engine specific impulse are shown in Figure 3. [t is noted that

the propellant consumption for soft cycle operation is independen= of the

absolute magnitude, length or amp_ituxle of the impulse bit, and is only

a function of the total value of the dismzrbance impulse, rd Tm and not of

the individual values of the disturbance torque or mission time. This is

not the case, as v_ill be discussed below, for hard limit cycle operation.

[n the hard limit cycle the time averaged applied control torque is much

grea_er _han the disturbance _orque, q . The limiting case, of course,

occurs _vhen the disturbing _orque is zero: in _.his situation =here _.vill

al,.vays be a hard limit cycle. For the case of zero disturbance it can be

shown tha_ the required propellant _veight is _iven by the equation

i Kc 2 T m (6)

_/prot_ =
4 16" Isp

and the number of cycles/mission is given by

l K c Tm (7)
N ,,

4I_

The hard limit cycle fuel consumption (rj = 0 ) is thus

proportional to the square of the control impulse bit and inversely propor-

tional to the attitude angular accuracy and vehicle inertia. Clearly, to,
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reduce the hard limit cycle fuel consumption the applied control impulse

bit must be kept small. An increase in the control impulse bit by a factor

of I0 v¢ill increase the fuel consumption by a factor of I00.

For example, if I = 2 feet, K c = i0 "3 Ib-sec, T m = 9.45 x I07 seconds

(3 years), I - 41.2 slug-it z, _' = 0.5 degrees (0. 00875 radians) and [sp --
300 seconds, the required propellant weight for zero disturbance torque is

0.44 Ib/axis. If the control impulse torque were increased to 10 -2 ib-sec

the propellant weight would rise to 44 pounds.

It is difficult to write a general relation for propellant consumption in the

hard limit cycle when rd _ 0; however, Equation (6) gives a reasonable

estimate of the fuel consumption bet_veen the disturbance torque at which

the system goes into a hard limit cycle and zero disturbance torque.

4. Duty C_rcle l_equirements (No Warrnup Period)

The duty cycle is of interest since it affects the demands on .-'hepo_ver supply.

The duty cycle is defined _s the ra=io of the time -_vhen po_ver is being de-

livered to the engine to the total mission time. in =he case of the resistojet

it is possible that the en_=ine v¢ill be heated close to operating _e_perature

before the gas is turned on; in this situation _he _hrust time is less than the

po_er-on time. The present section contains an analysis of the case in

which the _er-on and thrust times a1"e equal ( Tw_mu P = 0 ) ; in the fol-

lowing section the power-on time is assumed to be greater than the thrust

time (Twgumn_ 4 0 ).

In the soft limit cycle the total impulse delivered in the course of the mission

exactly counterbalances _he disturbance impulse. From Equation (5) the

duty cycle, _, is ==iven by

NTthrus_ :d

Tm lF

(s)

The duty cycle is independent of the width of the impulse bit, =thrust, and

depends only on the amplitude, F. if the applied torque, F, is large r_he

duty cycle iS small.

In the hard limit cycle with rd
16) and (7),

FT_
r.nfus_

- 0 the duty" cycle becomes, from Equations

C9)

The duty cycle thus increases with the thrust level and _vith the square of the

thrusting time.
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The power input to an electric propulsion thrustor is given by

Pinput

2.18 × 10 -2 T Isp watts
=

_O

(lO)

where, T is the thrust in millipounds and % is the ratio of thrust power

to electric input power. For example, at a thrust of 1 millipound, a

specific impulse of 300 seconds, and an overall efficiency of 25 percent

the required input electrical power is 26 watts.

In the attitude control thrustor system for a satellite there may be at least

nine thrustors. If the duty cycle for each of the individual thrustors is

greater than 100/9 or 11. 1 percent the basic power supply output must be

increased beyond that required for a single thrustor.

5. Duty Cycle F.equirements (Warmup Period)

When the thrustor warmup time is not negligible, the duty cycle becomes

N (Tthrust _ Twarmup_ ( 1 1)
=

T m

Therefore, for the soft limit cycle, from Equations (8) and (II) the duty

cycle become s

'd rd (1 Z)

r/ = I"_ * IK-"_ Twarmur

or

:i Q Tv"arm_F t'i = l--F" Tthms t

_13)

If Twarmup is small compared to Tthrust the duty cycle is unchanged.

However, if Tthrust is increased to make this the case then either F must

be decreased or the impulse bit increases. If F is decreased too much

will become large at large rd . If the impulse bit is increased too much

the hard cycle will occur for larger 'd and propellant consumption will

increase.

In the case of rd = 0 with a hard limit cycle Equation (9) becomes

2 (i Twarmup 1

1F Tthrust

_7 = 418" * _ "
Tthrust /

(14)
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Thus, for the hard duty cycle, if the wammup time is equal to the thrust

time the duty cycle is increased b7 a factor of 2.

6. Impulse ]Bit Length and i_hrust Amplitude Requirements for Satellite
Attitude Control

From the relations presented in the precedin_ sections it is possible to

bracket the values o£ the thrust amplitude and impulse bit lenBth required

for satellite attitude control. The satellite under consideration _vill be that

described in Table I.

a. The minimum tolerable thrust level is a function of duty cycle and

dist_mrbance torque and can be determined from Equation (8) for zero

_varmup time and Equation (13) for positivewarmup time. The required

duty cycle for any individual thrustor is assumed to be equal to or less

than 5 percent, i. e. , < 0.05. The maximum disturbance torque is

500 dyne -crn.

o. A= the otil=r extreme one upper _hrua_ iiz_i£ i_ fi:_ed by _hc d_- cycle

for hard cycle operation at zero disturbance torque; this limit can be

determined from Equation (I0) for zero _varmup period and frorm

Equation (i 4) for a positive warmup period.

c. Finally, another upper thrust limit is fixed by the requlzement that

it is advisable, from the view_,_int of propellant consumption, to hold

soft cycle opera_ion to as low a disn;.rbance torque level as possible.

The minimum thrust requirement is given by Equation (1); for purposes

of calculation it is assumed that the soft cycle is to be held to a distur-

bance torque of 50 dyne-cm.

l_esults of calculations from the precedin__ relations are presented in

Figures 4 through 8. Figure 4 presents a curve of thrust amplitude,

F, versus impulse bit length, T:h._st , for zero _varrnup time. The
lowest horizontal line corresponds to the minim.urn thrust (0.37 x 10 -3

pound) compatible ,,vitha 5-percent duty cycle and a _00-dyne-crn

disturbance torque. A lower value of the applied thrust v,,illresult

in duty cycle greater than 5 percent per thrustor. The upper value of

the applied thrust is fixed either by the requirement for a soft limit

cycle or a 5-percent duty cycle at zero disturbance torque. This

situation is illustrated in Figure 4. In order to hold a soft limit cycle

down to 50-dyne-tin disrarbance the applied t/Irust must be below

values _=iven on the curve FT=hn, s¢ = I. 15 x 10 -3 lh-sec. The re-

quirement for a 5-percent duty cycle at zero disturbance torque is

less severe and can be established by having the control thrusts below

values on the curve _iven by FTthzusc -- 3. 55 x 10 -2. Ib-sec. The

useful operating area is _iven by the shaded area in Figure 4. For

-15-
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zero warmup time the thrust should be of the order of I millipound,

the tl_ruat time of the order of I second, and the impulse bit about

I0 -3 Ib-sec. At 300 seconds and Z5-percent over-all energy conversion

eHiciency, the power input would be _6 watts.

Figures 5 through 7 present values of thrust amplitude versus impulse

bit length for thrustor warmup times of 0.50, I. 0, and 2.0 seconds.

In comparison with the results shown in Figure 3 for 7-ero warmup

time, the operating range is greatly reduced with increase in warmup

time. In particular the very small impulse bits have been eliminated

since they would result in excessive duty cycles at the larger disturbance

torques. In all cases, up to Z seconds warmup time, the allowable

operating range is determined by the requirements that a soft cycle can

be mainl:ained for fd > 50 dyne=_m and a duty cycle smaller than 5

percent at a disturbance torque of 500 dyne-crn.

The results are summarized in Figure 8. Impulse bit size is 9lotted

as a function of thrust time. The horizontal lines give the maximum

_,_;'a_e :.n_oulsc _= in ori_r =o r...ain_air,a _= lin:iZ cycle f=r ; >

50 dyne-tin. The o=her lines indicate for warmup times of 0. I/7_,

i, and Z seconds the minirn.u,'-nimpulse bit to keep the duty cycle of

each thrustor less than 5 percent at a disturbance torque level of 500

dDe-cm, The following conclusions can be reached from Figure 8.

1) Increase in warmup t"irr, e increases the minimum allowable

values of the control impulse bits. Since small input bits are

desirable to maintain a soft cycle at the lowest values of the dis-

turbance torque, rd , and to reduce the propellant consumption, it

is desirable to minimize the warmup time.

g) At a _iven warmup time, some reduction in impulse bit can

be achieved by reduction in _he thrust _ime. For warmup _imes

in excess of 0.50 second, however, liztle reduction can be achieved

in the size of the minimum impulse bit by reduction in the thrust

time below _00 milliseconds.

3) Thrust times in excess of 3 seconds and warmup times much

greater than 2 seconds will violate either the duty or soft cycle

boundary conditions. The maximum allowable power on time will

thus be about 5 seconds per pulse. Assurn,:ng an upper power

limit of 100 watts per thrustor, an operatin_ temperature of Z000"

K, and a tungsten thrustor, the thrustor will have to weigh much

less than Zb0 x I0 "3 grams to permit it to come up to operatin_

temperature in the allowable time.
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4) It appears clear that with anticipated warmup times of the

order of 1-second duty cycles substantially less than 5 percent
will be hard to achieve.

7. Impulse Bit Length and Thrust Amplitude Requirements for Satellite

Station Keepin_

The station keeping system operates in a substantially different mode than
the attitude control system. The major contribution to the total impulse

required to maintain the orbit of a stationary satellite is the effect of solar-

lunar attraction. The total impulse required each day to correct the solar

lunar-perturbations is 7.2 Ib-sec/day (M_v = 15.6 slugs x .461 ft/sec/day)

assuming t_vo nodal firings per day. Ifthe thrust is applied continuously

the total impulse required to correct the solar lunar perturbations can be

as much as 11.7 lb-sec/dax/. At a specific impulse of 300 seconds 7.2

ib-sec of impulse/day requires 26.2 ibs of propellant for a 3 year mission,

while ll.7 ib-sec/day of impulse requires 4Z.6 Ibs of propellant. Includin_

a tankage factor the propellant weight penaky _or continuous rather than

impulsive thrusting can be as much as Z0 pounds.

Table II/presents values of the total thrustin_ time per day as a function

of thrust level to obtain the required 7.2 lb-sec of impulse. A/so included

in Table III are values of the required thrustor power assuming a 300

second specific impulse level and an overall energy conversion efficiency
of 25 percent.

TABLE llf

REQUIRED THRUST TIME VERSUS THRUST LEVEL

(Totol Impulse 7.2 Ib-sec)

Thrust

Level

(mi/lipounds)

O. 50

1.00

5.00

10. O0

Total Thrust

Time

(hours)

4. 00

2. 00

0.40

0. 20

Nodal Thrust
Time

(hours)

Z. 00

1.00

O. ZO

0. I0

Thrustor

Power

(watts)

13.1
26. 2

131

262

Referring to Table III it is likely that at thrust levels greater than 1 x 10 -3

to 2 x l 0"3 pounds the input AV can generally be considered to be impulsive;

at thrust values less than 1 x 10 -3 more than 7.2 lb-sec of impulse will
probably be required to make the North-South correction. Exact calcula-

tions, presently in progress, will be required to evaluate the magnit.lde
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of the increase in required impulse. From the results obtained to date,

however, it appears that station keeping thrustor will operate at between
1 and 2 millipounds, power levels between Z5 and 50 watts, and for time

periods of the order of 30 to 60 minutes.

The total energ 7 requirement per station keeping pulse is about Z5 waft-

hours. The batteries required to store Z5 watt-hours of energ 7 (assuming

50-percent depth of discharge and l0 wat_-hours/lb) weigh abou_ 5 pounds.

The batteries can be charged with about Z watts of solar cells which at

0. Z5 lb/wa_ (ref. 4) weigh only abou_ 0.50 pound. Thus, the station keeping

requirement appears quite feasible.

8. Summary of Resistojet Performance Characteristics Required for
Satellite Aztitude and Orbit Control

The resistojet performance characteristics required for the attitude and
orbit control o_ a 500-pound satellite (see Table I) assuming a maximum

disturbance torque of 500 dyne -cm, soft limit cycle ooeration at disturbance

torques greater than 5C dTne-c:r_, and a r._axi,-r,u.,r,5-percen_ electric power

input dut_ cycle per axis is presented in Table IV.
TABLE iV

RESiSTOJET PERFORMANCE CHARACTERISTICS REQUIRED FOR

SATELLITE ATTITUDE ANO ORBIT CONTROL
ii i

1
IThrust Level, rnillipounds

_Thrust T-irne, seconds i

In,pulse bit, pound-second

'_Varrnup Tim.e, seconds

Power Level, _vatts

i

At_t_de

Control

O. 50-1.0

O. 50-1. O0
O. 50-1. O0 x 10"3

1

I0 -50

i

Stazion

Keepin_

I.O-Z. 0

1000-5000

i-I0

Z5-75

The thrustor requirennen_s for at_i:ude control and _he _'equirernen_.s for

orbi_ control tend to some exzen= to overlap each other. Only detailed scud-

ies will show whether they should be the same or separate thrustors. In

the case of the attitude control tllrustors by reducing the thrust level and

increasing the thrust time, the operational requirements on the propellant
control values are minimized.

B. KESISTOJET DESIGN PHILOSOPHY

There are two basic concepts for the pulsed, low power resistojet thrustor.

These are thermal storage and fast hea_-up. Schematic diagrams of the two
basic thrustor types are shown in Figure 9.
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The thermal storage pulsed resistojet consists of a refractory heater element

with a high heat capacity. Power is continuously supplied to the heater element

and only the propellant flow is pulsed. The heat capacity of the thermal storage

unit is sufficiently great that the temperature of the heater element remains

essentially constant during short propellant pulses. The advantages of the

thermal storage concept include no thermal cycling, minimum time delay be-

tureen the input siena/and resulting impu/se bit, and constant power input which

reduces syste,'n complexity. A complete satellite attitude control and station

keeping system will probably contain ten or more engines. If the engines are

thermal storage resistojets the 7 will all have to be continuously supplied with

electrical energy. The main disadvantage of the thermal storage engine for

a_ittuie control and sL%tion keeping is thus the high average system power con-

surnption and the resulting large system weight.

The fast heat-up resistojet consists of a light-weight heater element with a

low thermal heat capacity. The heater element of the typical fast heat-up

engine shown in F_gure 9 consists of a thin-walled, high-temperature metal

tube with an integral exit nozzle. The _vorking fluid passes through the

electrically heated tube and out of the engine through the exit nozzle. In the

fast heat-up thrustor both the power and propellant flow are pulsed. In con-

trast to the thermal storage device the heat capacity of the fast heat-up unit is

held to a minimum. The primary advantage of the fast heat-up engine is that

the input electric power does not have to be supplied continuously, and thus

there is a relatively low average system power consumption. Disadvantages

include the necessity/for thermal cycling and the existence of a delay time be-

tween the input signal and the time at which the thrustor is at operating tempera-

ture.

During the course of the present program, exploratory experiments have been

carried out _th both fast heat-up and thermal storage units.

The prototype thermal storage unit consisted of a composite tungsten-zirconia

heater _vith axial gas flow passages. The heater was surrounded by radiation

shields. The unit weighed approxi_'-nately I0 grams and _t !000 ° K had a heat

content of 6000 joules. The minimum power input to maintain the thermal

storage unit at an operating temperature of Z000" E was established to be of the

order of I0 watts (see Appendix C).

The prototype fast heat-up resistojet consisted of a thin-wall rhenium tube

which had a 0.38 rnn_ (15 roll) inside diameter, a 0.70 rnm (Z8 roll) outside

diameter and was Z cmlong. The fast heat-up thr:_r weighed approximately

50 x 10 -3 gram and had a heat content of only ab&ut 40 jou/es at 2000" K. (See

Appendix B for estimates of the heat-up time.) Operation of the fast heat-up

engine at a temperature of Z000" K required a power input of the order of Z5

watts. It is important to note, however, that the thermal storage resisto_et

must be on continuously, whereas, the fast heat-up resistojet must have power

on only during the thrust period.
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The present program is directed to the development of a combined single-axis

attitude control and station keeping system for satellites in the 10O0-pound class.

The average power level for a fast heat-up thrustor attitude control system oper-

ated at a 5-percent duty cycle was estimated to be an order of magnitude lower

than for a thermal storage thrustor attitude control system. The thrust level

was assumed to be of the order of 500 micropounds and the specific impulse

about 150 seconds. Based on these results the major portion of the thrustor

experimental effort has been concentrated on the design and development of

fast heat-up thrustors.

C. FAST HEAT-UP THRUSTOR--CONFIGURATION AND OPERATING VARIABLES

1. Engine Configuration

A schematic of an experimental fast heat-up thrustor configuration is

shown in Figure I0, and a photograph of the unit is presented in Figure II.

The prototype engine consists of a solenoid type gas valve, a pressure

transducer, a heating element, and an exit nozzle. The heating element

is surrounded b_ a concentric support tube; the support tube is electricall_ _

connected to the nozzle end of the heater element througl_ four support

tabs. The support tube is, in turn, separated from the main engine body

by an electric insulator. The engine power connections are located re-

spectively on the heater support tube and on the main engine body.

2. Engine Propellant Feed System

A schematic of the propellant feed system is shown in Figure 12. The

resistojet gas inlet, located upstream of the solenoid gas valve, is connect-

ed to a constant pressure or essentially infinite gas reservoir. Referrin_

to Figure ll,in the case of a propellant which can be stored as a liquid,

e._. , ar.nnuoni_, the reservoir tarl; pressure is h_Id at a constant -,'_lu_

by means cf the pressure regulator located between the liquid.and gaseous

ammonia reservoirs. The liquid reservoir could, of course, easily be

replaced by a gas or subliming solid reservoir. During a typical run the

power is turned on and the heater element is brought up to temperature;

after the element has been brought to temperature and while the poweris still

on the propellant valve is opened and the propellant is heated as it passes

through the tubular heater element and out through the exit nozzle.

It is important to distinguish benveen the flow systerr, shown in Figure 12

and the flow system shown in Figure 13. The system _n Figure 13 was

used in the initial heater experiments. In the initial heater experiments,

which were carried out with the flow system shown in Figure 13, the

propellant flow was choked across the flow metering orifice. The pressure

upstream of the flow metering orifice and the area of the flow metering

orifice were such that the propellant flow rate was independent of the energy
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added downstream of the critical flow orifice. Energy addition in the

heater tube thus results in an increase in engine chamber pressuTe and

thrust level but the flow rate remains unchanged. The pressure buildup

time in this system was found to be excessive; further, and probably more

important the thrust level varied markedly during a tTpical power-on pulse.

In the flow system shown in Figure IZ the propellant flow was-choked across

the exit nozzle throat; the metering orifice area was larger than the exit

nozzle a_ea. In this cale, the engine chamber pressure was constant and

the mass flow variable as energy was added to the gas passing through the

tubu/ar heat exchanger. Thus, for the constant chamber pressure case,

the addition of energy to the gas flowing through the heater has the same

effect on the propellant flow rate as would be obtained by reducing the

nozzle throat area. For this mode of operation the thrust level remains

essentially constant and the mass flow is reduced as energy is added to the

gas stream.

3. Ensine Heat-Up and Electrical Characteristics

An important parameter in the design of the fast heat-up resistojet is the

response time of the heater element or the time that the heater element

requires to come to operating temperature. The response time of the

heater element can be obtained from an expression of the form rheat.,P

= M C p A T/P. where M is the mass of the heater element, Cp is the
specific heat on'the heater mate_'ial, AT is the required temperature rise,

and Pinp_ is the input power. A heat-up time of the order of I second is

required to hold the power-on duty cycle for the individual engines in a

500-pound satellite resistojet attitude control system to about 5 percent.

Assuming a __Tof 1000° K, specific heat of 0. I0 cal/" C-gm, and a power

input of I0 watts or g.4 cal/sec the reql:ired thrustor mass is of the order

C -o-_0Of _I= :_ Pinput Cp AT = (i second) (2.4 cal/sec)/(0. I0 cal/° o
If000• x i0-3 rhu ,therequiredthrustormass for fast
heat-_p resistojet at the 10-watt poxver level is of the order of tens of

milligra_s.

The need for keeping the thrustor mass to a minimum is further emphasized

by the results on heater resistance presented in Table V. Estimates are

presented of the cold and hot resistances of a typical resistojet. The re-

sistances in this table are based on a heater tube length of 1 inch and an

inside diameter of 14 mils with wall thickness as given. It is noted that

the heater resistance level is relatively low (order of 0.10 to I ohm) and

that the cold resistance is significantly lower _han the hot resistance.

Further, the ratio of hot to cold resistance is strikingly sensitive to heater

material varying from nearl 7 15 to 1 for tungsten to only _ to 1 for stainless

steel. The combination of low resistance and wide variation in re.cist_nce

between hot and cold flow must be integrated with the power conditioning
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TABLE V

RESISTANCE OF TYPICAL RESISTOJET

(t -- wall thickness, I.D. - 14 mils, length = 1 inch)

A. Cold Resistance

|

Mate rial

Tungsten

Tungsten -Z6% Rhenium

Rhenium

Molybdenum

Stainle s s

Steel

Cold Resistance at 20" C, Ohms

t = 7 mils t = 3 mils

0. 0047

0. 027

0.017

0.0049

0.041 -

0. 066

0. 014

0.076

0. 048

0.014

0.12 -

0.18

t = 1 rail

0.046

I 0.Z6

0.16

! o.048
I

i .40 -

i 0.63

B. Hot Resistance for Uniform Temperature

Resistance, Ohms

Material

T-ngsten

Tungsten

-26% Rhenium

Rhenium

Molybdenum

Sminle • s
Steel

_L_cimum

Operatin E _'emp.,
°C

2500

2300

2300

1950

1100

t = 7 mils

0.068

, 0.082

0. 094

• 0. 059

0. 099 -

0.12

t = 3 mils

O. 20

0.27

0.17

0.29 -

0.35

t = 1 rail

0.91

0.58

0.97 -

1.2
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equipment. Clearly, however, the resistance of the engine connections

must be held to a minimum and the output of the power conditioner must

be closer to constant power rather than constant current.

4. Propellant Selection

Initial program emphasis has been on ammonia as the working fluid be-

cause of potential ease of storage for long duration missions. It is to be

stressed, however, that the only real limitation on working fluid selection

is that the working fluid be compatible with the heater material. Other

propellants can be used equally well as resistojet propellants. Table 9"I

presents the results of therrnochemical calculations on the idealized

frozen flow performance of a series o£ potential low molecula.v weight

propel/ants.

5. Fast Heat-Up Resistoiet Operatin_ Variables

To summarize, for constant pressure (variable mass flow) operation, and

a fixed cor_iguration., there are five basic operating variables: (a) engine

reservoir pressure; (b) engine po',uer input; (c) engine heat-up ti_'_'.e;(d)

engine solenoid valve on-time; and (e) propellant.

The engine reservoir pressure is fixed by the setting on the regulator

located between the main propellant supply and the gas reservoir upstream

of the engine. In the case of liquid propellant storage the gas reservoir

pressure must, of course, be a valu-, less than the vapor pressure of the

propellant at the nominal propellant supply pressure. For storage of the

propellant as a solid the gas reservoir tank and regulator can, in some

cases, be eliminated and the engine connected directly to the supply tank.

The engine thrust level is directly proportional to the gas reservoir

pressure level, and thus variation of engine reservoir pressure permits

a direct control over engine thrust level.

The engine power input, to a first order, permits control over the pro-

pellant flow rate at constant engine thrust level. Increase in the engine

power input increases the temperature of the g_ts flowing through the

engine; the gas temperature increase, in turn, decreases the flow rate.

The maximum attainable gas temperature is limited by the temperature

capability of the heater and by the required input power. The weight

saving in propellant must, of course, be balanced against the weight of the

required resistojet power supply.

The engine heat-up time is the time required for the engine to come to

operating temperature. The heat-up time must be held to a minimum

(e. g., I second) in order to hold the average power consumption _f the

resistojet attitude control system to a minimum. The requiredheat-:_p
time is a function of the heater mass and heater resistance. In order to
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keep the heater warmup time at a minimum it is necessary to closely

match the design of the power conditioning equipment with the wide antici-

pated variation in heater resistance between cold and hot flow.

The engine solenoid valve on-time is established by control logic considera-
tions.

Finally, propellant selection is based on a variety of considerations in-

cluding ease of storage and handling, weight of tankage, and material

compatibility/. It is important to note that the fast heat-u_ resistojet con-

cept is not limited to ammonia bu_ can be applied to a variety of propellants

and is not dependent on the storage state (i. e., gas, liquid, or solid).

6. Engine Fabrication Techniques

A major problem in the development of the fast heat-up resistojet has

been the Fabrication of the relatively small heater nozzle elements. In the

initial engines the heater-nozzle elements were fabricated directly from

_hin _vall _ubing. Th_ nozzle _hape yeas pressed di:'ac:ly into the _hin u-al!

tubing; this _rocedure made it very difficult to control the critical heater-

nozzle dimensions.

During the course of the program a process has been developed for the

reliable fabrication of the heater-nozzle units. The process consists of

deposition of a refractory metal onto a mandrel of the desired shape and

diseolvin ! the mandrel in an acid. Close control can be obtained on the

resistojet dimensions by machining the mandrel to the desired shape be-

fore plating. Molybdenum, which can be dissolved in hot nitric acid has

been used as the mandrel for tungsten; titanium, Which can be dissolved in

hydrofluoric acid, has been used for rhenium. Fused salt electrolysis

_vas used to deposit the tungsten; vapor deposition was used for the rhenium

and _ungsten-rheniurn alloy. Details are presented below.

a. Mandrel Fabrication

Material selection for mandrel fabrication was influenced by operating

temperature ot the deposition process and acid resistance of the de-

posited metal. Operating temperatures of the fused salt plating and

vapor plating processes were in the range 800-1000" C. Thus,

molybdenum, which retains strength at these temperatures was chosen

as a substrate for tungsten. However, molybdenum could not be used

for rhenium coatings for both are attacked by the same acids. Hence,

titanium was chosen as mandrel material for vapor deposited rhenium.

o

a
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The mandrel is made by cutting Z-inch lengths of 0. 070-inch wire,

slitting 1/4-inch tabs in the wire, then machining the nozzle, con-

striction, and shaft on a jewelers lathe using a carbide tipped cutting

tool. Figure 14 shows the various machining steps. After machining,

the mandrel is polished electro-chemically in an alcohol-sulfuric acid

solution using 20 volts Of direct current for 1 minute. Dimensions are

shown in Figure ]5.

b. Fused Salt Electrolysis

This is a proprietary process developed by the Parma Research Divi-

sion of Union Carbide Corporation. The alectroplating solution con-

sists of motion tungsten fluoride, sodium fluoride, and potassium

fluoride salts. The operating temperature is 800 ° C. Man), articles

can be plated simultaneously, as in regular platln_. Thlcknes. _ of the

coatin=-s can be controlled fron', a fraction of a thousandth of an inch

to heavy deposits up to 1/4 inch thick or more. The tungsten coatings

used in this investigation ,z,ere O. 003 to 0 004 inch thick and were

fully dense and free of pinholes; the crystal structure is columnar and

radially oriented. At present, rhenium or alloys of rheniun'_ cannot

be deposited by this method.

c. Vapor Deposition

This process operates on the principle of thermal decomposition of

metal halides or carbonyls onto a heated substrate. Operating tem-

perature of the substrate is 900 to I000 ° C. Tungsten, rhenium and

alloys of tungsten/rhenium, are a_nong the metals v.'h_ch can be deposited.

These coatings also are fully dense and free from pinholes. San

Fernando Laboratories of Pacoirna, California, suppiicd the coatin=-s

for this investigation. Figure 16 shows samples of rhenium and

rhenium-lungsten alloy deposited by vapor deposition. At present, the

process is relatively expensive as only one mandrel at a time can be

c oated.

d. Dissolving the Mandrel

Molybdenum mandrels were dissolved in a nitric acid (85 percent)

sulfuric (]5 percent)acid solution operated at 70" C under a pulsating

negative pressure cycle as shown in Figure 17. The time required to

dissolve a l-inch-long mandrel is 16 to Z0 hours. It is interesting to

note that the dissolution rate of bare mol_'bdenum wire in thts solution

is very rapid (see Figure 18).

Titaniutu mandrels are dissolved in a 50-percent solution of hy.dro-

fluoric acid (48-percent HF) at room temperature. In this .cas_,,_e
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Figure 14 MANDREL FABRICATION 
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I C X T I O N  50 

(B) 26% RHENIUM/TUNGSTEN U O Y  DEPOSITED ON TITANIUM MANDREL, 
MAGNIFICATION = 50  X 

X 

Figure 16 PHOTOMICROGRAPHS OF VAPOR-DEPOSITED RHENIUM AND RHENIUMflUNGSTEN 
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reaction product is titanium trifluoride (red-violet). The same tech-

niques mentioned above must be used, i. e. , pulsating vacuum and

careful rinsing. The dissolution rate of exposed titanium wire is

shown in Figure 19. The time required to remove a 1-inch mandrel

is, like molybdenum, 16 to Z0 hours.

The long acid leaching time required in the case of the enclosed mandrel

is due to the entrapment of hydrogen gas bubbles and reaction products

in a very small diameter tube. In the case of molybdenum, the reaction

products precipitated on drying out were observed to be a mixture of

molybdenum dioxide (lead gray), molybdenum trioxide (whitish yellow)

and molybdenum pentoxide (violet blue). These products are formed

on the _ace of the mandrel inside the tube if the tube is allowed to dry

without efficiency rinsing. If this occurs, re-starting the dissolution

process becon_es very difficul; and even impossible in severe cases.

Dur:ng _,he course of this investigation, it was found necessary to rinse

out the tubes with hot distilled water followed by a rinse in concentrated

hydrochloric acid. Both rinses must be carried out under vacuum

using the pressure cycle shown in Figure ]7.

7. Reliability, of Potential Heater Materials

Thrustor performance data have been obtained with stainless steel,

molybdenum, rhenium and tungsten heater elements. Major problem

areas include engine ¢-brication and ._/_errnal cycling capability. Extended

thermal cycling (10,000 cycles) appears to he no problem for stainless

steel (m.p. 1500" C), rhenium, or tungsten hut is a serious problem for

molybdenum (m.p. 2620 ° C) which has a higher temperature capability.

To extend the upper ten:perature range of the heater elen_ent an effcr:

has been made to fabricate the basic heater-nozzle structure from vapor

de._os_ted tur_ste._ Th_s techniqv._ appears qua.re prc_s_n_ and _t appears

possible to fabricate _ungsten heater elements with a wail thickness oi

only I to 2 n_ils.

In order to check the thermal cycling capability of the vapor-deposited

tungsten, a sample tube of the material (25-rail inside diameter, 3-rail

wall thickness, 5/4 inch long) was cycled through a typical resistojet

heating cycle 40, 000 times. The tube was placed in a l-micron vacuum

for the test. The ammonia flow entered from each end of the tube and

passed out through an orifice at the tube center. The interior pressure

was about i atmosphere. The operating cycle was: Power-on(vo flow)

0. 8 second; Power-on (with flow) i. 0 second; Power-off 2. Z seconds.

During the power-on, no-flow, phase, the tube was heated to 2200 ° K.

This temperature was maintained during the power-on, with-flow phase,

after which the power was turned off and the tube cooled before beginring

the next cycle. The heater was thermally cycled 40,000 times.
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At the completion of the test, visual examination indicated no apparent

changes in the sample. Photomicrographs of the wall cross section be-

fore and after the test were prepared at 500X and indicated that there was

a change in crystal structure. The material, however, appeared struc-

turally sound, and the structural changes which did occur evidently do not

affect the integrity of the material.

D. FAST HEAT-UP THRUSTOR MASS FLOW, HEAT TB.ANSFEB., AND

ELEC TR/CAL CHARACTERISTICS

The purpose of the present section is to present experimental data on the mass

flow, heat transfer, and electrical characteristics of a fast heat-up thrustor.

The propulsion performance of the thrustor is presented in Section If. E. A

schematic diagram of the thrustor (heater element and exit nozz]e) is shown in

Figure Z0. The nozzle has a 10 x ]0"3-inch throat, a 6O0-to-I area ratio, and

a half-angle of 45 degrees. The heater-exit nozzle combination is fabricated

of vapor-deposited rhenium. The engine has been operated cver the range of

conditions shown in Table VII.

TABLE VII

OPERATING CONDITIONS FOR FAST HEAT-UP RHENIUM THRUSTOR

Ch_tmbe r Pre s sure

Electric Input Power

A._monia 7"low Rate

Maximum Thrustor Temperature

Maximum Current

Maximum Voltage

Thrust Level

Maximum Specific Impulse

O. 20 to 10 psia

0 to 50 w_tts

O. O1 to 12 x 10 -6 lb. ¢/sec

2000 ° K (3140 ° F)

25 amperes

2 volts

i to 1200 micropounds

300 seconds
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The two critical items in the evaluation of engine performance have been the
measurement o£ gas flow rates as low as 10 "° lb/sec and thrust levels as low

as 1 micropound, in each case the measurement of both the gas flow rate and

the engine t/%rust level were made by two independent techniques. The gas flow

rate measurement techniques are described below and the thrust measurement

techniques are described in the next section.

1. Mass Flow Measurement

The ammonia flow rate passing through the thrustor Was determined by

means of a calibrated orifice. The pressure drop, AP, across the orifice,

was less than 1 percent of the pressure, Porifice , upstream of the orifice.

In this case, it can be shown that the mass I1ow rate, _, is a function of

v Porifice '_p

The absolute _low rate was, in turn, established both by direct weight

measurement and by the measurement of the pressure change in a known

volume. In the first case, the mass Row rate, ._, through the metering

orifice was held constant for a fixed time, _t , and the corresponding weight

change, \M. in the gas supply was recorded by weighing the propellant tank

before a.,_ aider _h_ run. The run _inn_, _\:, ._a_ o_ _i_ _'dc2 ._fcnc hOU----

to permit r.he propellant weight loss to be measured with an accuracy of at

leas_ O. 5 percent, in _he second case, _he flow rate,_!, was held constant

for a time _%c and the corresponding pressure, change -_Pv' in a known volume,

v was recorded. The corresponding weight change, ._M, was in this case

determined from the perfect law. Figures 21 and ZZ show the mass flow

rate, _ as a function Of V_'-_- Figure ZI covers the mass flow range from

0 to 14 x 10 -6 Ib/sec, and Figure 2Z is an expanded portion of the calibra-

tion curve from 0 to 0.60 X 10"6 ib/sec. Figure Zl also compares mass

flow rates determined from the direct weight measurement and the tank

pressure change techniques. There is no substantial difference in the mass

flow rates established by the two techniques. It is estimated that an indi-

vidual measurement of the mass flow rate is accurate to ±5 percent over

the range from 10 -7 to 10 -5 Ib/sec.

2. Cri_ice Coefficient versus l_eYnolds ._urnbers

The orifice coefficient is defined as the ratio of the ac=ual mass flow,

"_actualto the mass flow, _Ik_ml , through the orifice, or

CD = _act_.! / _idea! (15)

where

Mideal

Pc At y- 1

al -- •

yRT

(16)
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During _te course of the present study considerable mass flow and thrust

data has been gathered on the orifice shown in Figure gS. The orifice has

a throat diameter of 11 x 10 .3 inches, an area ratio of 100 to 1, and a nozzle

half-angle of 45 degrees. Figure Z4 shows the orifice coefficient as a func-

tion of throat Reynolds number. The results are quite similar to those of

Milligan (ref. 4) in that the discharge coefficient begins to decrease rather

sharply at Reynolds numbers below I00. The results on the orifice dis-

charge coeificient will be used subsequently in the interpretation of the

thrustor heat transfer data.

3. Heater Performance Data

The following data have been obtained on the thrustor shown in Figure gO.

Figures 25 and 26 show ammonia flow rate as a function of power input for

fixed chamber pressures of, respectively, 5 and 9 psia. At zero electric

input power the am.,'nonia flow rate for the 5-psia chamber pressure is

6,P x 10 -6 lb/sec and for 9 psia it is about 11.8 x 10 -6 ib/sec. In each case

as the electric power input is increased the ammonia flow rate is decreased.

Yi_L.re_ -P7 and 2_ _ho_ the co_-r_sponding n_a::i:nu:_, _n_ine te.'-c..pe--_.ture

versus electric power input. The engine brightness temperature was obtained

with an optical pyrometer; the brightness temperatures _vere, in turn, con-

verted into true temperatures by assuming that the emissivity characterlstics

of rhenium were the same as those of t%mgsten.

The mass flow through the thrustor can be analytically established by the

conditions at the nozzle inlet. From Equations (15) and (16) the thrustor

mass flow is given by

;/nozzle_4a=tu=l = CD Pnozzl= f (v) .4t (17)
, , Tnozzie

Referring to Equation (17), as electric power inpul and correspondingly =he

thrustor temperature are increased the mass flow tends to be reduce(i for

the foilowing reasons:

a. The gas temperature, T ozzle , will increase due to energy addition

and decrease the temperatltre term _/Jlnozzle/Tnozzle .

b. The increase in temperatllre will also cause a decrease in flow

R.eynolds number and a corresponding decrease _n the orifice coeLficient,

C D, (see Figure Z4).

c. Because of friction and momennam losses through the heater tube,

the nozzle inlet pressure, Pnozzle , will he less than the pressure at

the entrance to the thrustor, Piale_ " Thus, even though Pinlet is

fixed, Pnozzle will tend to decrease with increase in electric power.
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The heater tube friction drops, APfricrion. , is proportional to

ll_t;meJnD2 where, ! is the heater tube length, I_ is the viscosity,

is the mean velocity, and D is the heater tube diameter.
Um_an

d. Finally, as the temperature is increased there is the possibility

that the ammonia will dissociate and this, in turn, will result in a

decrease in the azm-aonia flow rate due again to the drecrease in the

temperature term v/_ozzle / Tnozzl e .

An attempt has been made to estimate the gas temperature at the inlet to

the thrustor exist nozzle by simultaneously solving the momentum and con-

tinuity equations along the heater tube. Account has been taken oi both the

pressure drop due to heat addition and the friction drop. The esti_nated gas

ten%perar_res versus the electric power input /or 5-psia and 9-psia inlet

pressure are shown, respectively, m Figures 29 and 3C,. Curves are pre-

sented for both the case of dissociated and non-dissociated ammonia. Curves

of maximum thrustor temperature as a function of electric nap'at power are

superimposed on the estimated gas temperature values. The estimated gas

temperatures, based on the non-dissociation assumption, exceed the maxi-

mum thrustor temperature at an estimated non-dissociated gas temperature

of about 1250" K (or 1800 ® F). Thus, it is concluded that the dissociation

of ammonia is initiated at about 125C ° K and that the dissociation is nearly

complete at about 1750" K.

Figures 31 and 32 show the estimated heater pressure drop as a function of

electric inpu_ power for respec_iveiy the case of 5-psia and 9-psia chamber

pressure. As in the preceding figures the calculations have been carried

o.aZ or. thc assun_ption that th_ flo',_,is _ith_r dis_o_a_d _r not dissociated.

The pressure drop is higher for the non-dissociated case than the dissociated

case because the estimated gas temperatures and thus the gas viscosities

are higher. The estimated pressure drops /or the 9-psia case are higher

Lnan those for the 5-psia case, since there is a corresponding higher gas

flow. The pressure drop through the heater tube can, of course, be re-

duced by operating at a larger tube diameter, D. At a constant mass flow

the heater pressure drop is inversely proportional to the fourth power of

the tube diameter.

Figures 33 and 34 show the thrustor power distribution as a function of

maximum thrustor temperature again for chamber pressures o_, respec-

tively, 5-and 9-psia. The estiraated power to the gas for dissociated am-

monia is, of course, higher than that for non-dissociated ammonia because
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of the inclusion of the dissociation energy. At 1750" K, as indicated pre-

viously it is likely that the ammonia is completely dissociated. In this

case the power transferred to the gas is about 5 watts for the 5-psia chamber

pressure and about 10 watts for the 9-psia chamber pressure. The thrustor

is 3/4 inch long; therefore, it has a heat transfer capability of at least 5

watts/ca. Referring to Figures 33 and 34,as the thrustor temperature is

increased an increasing portion of the input power goes into thrustor power

losses. At the higher temperatures the primary energy loss mechanism is,

of course, radiative energy transfer from the thrustor surface.

Figures 35 and 36 show the estimated thermal efficiency (based on total

input power) for the case of 5- and 9-psia inlet pressure. At Z000" K, the

thermal efficiency falls to about 10 percent for the 5-psia inlet pressure

and to about 20 percent for the 9-psia engine. The 3/4-inch-long engine

appears to be too long /or the 5-psia inlet pressure. It is clear that the low

thermal efficiencies characteristic o£ the fast heat-up single pass heat ex-

changer can only be tolerated at relative low (order of watts) input power
!eve:_.

4. Heater Electrical Characteristics

The electrical resistance of each unit lensth of the heater element is given

by an expression of the form

dR/_ .. p/a ( I8)

where p is the heater element material resistivity and A is the cross-section

area of the current path at heater station, x, Figure 37 shows a plot of the

resxstlvity oi rhenium as a iunction of engine temperature. The local resis-

tance of the engine will, ol course, increase as the engine temperature

increases. Estimates have" been made of heater resistance by assuming a

linear temperature variation along the heater element irom the initial tem-

perature to the maximum temperature. Figure 38 presents a comparison

of the estimated and observed heater resistances as a function oi the

electric input power. The observed heater resistance is higher than the

predicted values. The discrepancy between the predicted and measured

heater resistance is probabl 7 due to a failure to properly take into account

the temperature variations along the heater element. The effective heater -

temperature (and thus the resistance) are higher than the value determined

by assuming a simple linear temperatltre variation.
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5. Summary of Heat Transfer and Electrical Characteristics

The single-pass rhenium heater element has a heat transfer capability of

at least 5 watts/cm, and a capability of bringing the ammonia to at least

2000" K (3140" F).

On the basis of mass flow and chamber pressure measurements it is

estimated that ammonia dissociation is initiated at about 1250 ° K (1800" F)

and is completed at about 1750 ° E (2700" F). The temperature values for

the onset and completion of dissociation are only accurate to about± Z00 ° K.

The etect'ric to gas power efficiency varies from about 75 percent at engine

temperatures of about 750 ° E to about Z0 percent at engine temperatures

of about Z000 ° I/.

E. PROPULSION PERFORMANCE OF THE FAST HEAT-UP THRUSTOR

I. Measurement of Engine Propulsion Performance

Two basic instruments have been developed for the measurement of engine

propulsion performance. These are the wire-in-tension thrust stand and

the single axis uire table. In :he case of the _'ire-in-tension thrust stand

:hc =hrust pro_uce_ 55- _h¢ engine deflects _ ",rite and _he def'_ection of the

wire is recorded by means of a sensitive displacement transducer. The

single axis wire table measures the impulse bit output of the thrust units

when they are operated for a finite pulse length. The two basic thrust

stands are described below.

a. Wire-In-Tension Thrust Stand

The basic wire-in-tension thrust stand is shown in Figure 39, and

a photograph of the stand is shown in Figure 40.
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The engine system horizontal mounting bracket is supported by four

wires in tension. The wires are, in turn, connected to a surrounding

al_urn ring which is shock mounted by means of springs. The

thrust axis of the engine is vertical; the engine and its propellant tank

are located on the mounting bracket. The entire assembly is located

in a transparent bell jar, and the bell jar is evacuated to pressures of
I0 °4 torr and below by means of a 4-inch diffusion pump. Order of

magnitude calculations have maAe it clear that conduction losses can

be the predominant energy loss mechanisms (input power _-10 watts)

for resistojets operated at a few tort pressure; thus, it is necessary

to operate the low power resistojet in a relatively "hard'* vacuum to

prevent all the input energy from being conducted away to the surround°

ing environment. Fux'ther, as will be described subsequently, back

pressure has a significant effect on engine propulsion performance.

A simplified analysis of the transient behavior of the thrust stand is

based on the behavior of a string when loaded with a mass, lye. For

the simple analysis the ratio of string to mass weight is assumed to be

s.-s._-!l;an;- zn_:y_!s for infinite v&!v.es of st_-i.-._to ._..ass ,veizht _._ _re-

sented in Appendix A. The equation o_ motion for a string oi _en_tn,

L, in tension is ziven b7

d2 v
-- = - ,_lg-F-2Tsi._ (19)
dtI

Y
= - _4_-F-4T --

L

where, F is the applied force and y is the displacement.

The solution to this differential equation is

-- COS

Y = 4T _T
(Z0)

The inclusion of damping modifies Equation (19) to read

d2 y f dy 4T F

_2 ._! dt ML m

(Zl)

where f/M dy/dt is _he damping term.
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The displacementis given by

MgL FL 2 T •-_-_ sin (o,t
y(t) 4T 4T -

(22)

where

4T f2
_2 E

ML 4M2

and

2_oM

f

2M
For times long compared with--,this decays to the steady position

_iven by f

_tL FL (Z3)

4T 4T

as expected.

Figure 41 shows a plot of the two cases: (1) no damping, and (Z) -

moderate damping. As can be seen from Figure 11, for moderate

friction effects which damp the oscillations in just a few cycles, the

frequency of oscillation is essentially the same for the damped as for

the undamped situation. The actual period for the damped curve shown

is

8 8 ML"

Pd Pu _ sec4"g"

(24)

Thus, moderate damping of the thrust stand results in only minor

changes in the period of the stand.

In the actual thrust stand shown in Figures 39 and 40 the central support

bracket is essentially supported by two strings; the tension term in the

above equations must thus be replaced by ZT. The wire weight is about

0.01 pound, and the weight of the engine, propellant storage tank, etc.,

is about 2 pounds; the condition that wire weight to string weight is

much less than um.ity is, therefore, satisfied.

The displacement of the engine support as a function of applied thrust

is given by
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FL (z5)

8T

or the engine thrust is given by

87
= m

yL

(Z6)

For a fixed value of the string tension to length ratio the minimum

detectable thrust level is inversely proportional to the displacement,

y; similarly, for a fixed detectable displacement, y, the minimum

detectable thrust varies directly as the string tension to length ratio.

It is noted that the minimum measurable thrust is independent of the

mass of the engine system, M. Figure 42 9resents curves of minimum

measurable displacements of ]0 "6, 3 x 10 "V, and 10 -7 inch. The

mi.n/mum detectable thrust level can be decreased by reducing the T/L

ratio, ho_vever, as veil] be shown below, there is a corresponding

decrease in the thrust stand response characteristics.

The natural frequency of oscillation of the thrust stand is given by

I 2_ (z71r,

and the natural time period is

(zs)
v = _ i--

2T

The natural irequenc v oi the thrust s_and, unlike the _ninin%un% detectable

thrust level, is a function of the mass, M, of the engine system. Figure

43 presents a plot of natural frequency, v , as a function of T/L ratio

for an engine system weight of Z pounds, which is comparable to the

actual system weight. The natural frequency setting of the thrust

stand for the measurements presented in this report was about 40 Hz

corresponding to a tension to length ratio of about 40 ib/in. Assuming

a minimum detectable displacement of 3 x 10 "7 inch, this corresponds

to a minimum detectable thrust level of lO" 1 millipound. Estimated

values of the natural frequency, time constant, and rrdnimun% detectable

thrust, as a function of T/L ratio for an engine system weight of 2

pounds and a displacement transducer capable of detecting 3 x 10 "7

inch is presented in Table VIII.
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TABLE VIII

FREQUENCY RESPONSE VERSUS MINIMUM DETECTABLE

THRUST LEVEl. AND STRING TENSiON/LENGTH RATIC

(Engine Moss 2 pounds;Minimum DispJocement 3 x 10-7 inch)

Tension/Length I

Ratio I

(lb/in)

Z.5
I0

40

]60

640

Z560

,10240

Natural Frequency

Response
(Hz)

I0

Z0

40

80

160

320

640

Time

Constant

(seconds)

i00 x I0"3

50 x I0"3

Z5 x I0"3

12.5 x 1O"3

6. Z5 x 10-3

3. IZ x ]0"3

6 -A._= x I0"3

,,iii

h&inimum Thrust
Level

(pounds)

0. 006 x I0"3

0. 024 x I0"3

0. i0 x 10"3

0.40 x ]0-3

I.60 x i0"3

6.40 x ]0 -3

Zb. 6 x I0"3

Engine thrust is indicated by the measurement of the vertical displace-

ment between the inner and outer rings. Since very small displace-

ments are involved a highly sensitive linear di(ferentlal transformer

(Sanborn Model 595D-005BM) _:s used for the displacement measure-

ment. One side of the displacement transducer is supported on a

large yoke fastened to the outer ring; the other side is supported on a

small yoke fastened to the inner ring. For calibration small weights

are placed on a channel mounted on top of the inner ring. A motor-

operated liftingdevice permits remote positioning o£ known weights

on the inner ring; this permits the static determination of the dis-

placement as a function of applied force. Figure _.4 shows a typical

displacement versus force curve showing that the displacement is

Linear with force.

The thrustor on the inner ring is connected to the ammonia propellant

supI_ly by a flexible tube. This tube introduces negligible error iu the
measurement since the calibration techniques include deflection of this

tube and since the £1exural force of the tube is orders of magnitude

less than that of the four wires supporting the inner ring.

b. Single Axis Wire Table

The single axis impulse table is shown in Figure 45. The unit basically
consists of a horizontal table mounted on a vertica/ wire. Impulse bits

(lb-sec) are given to the table by means of a thrustor and observations

are made on the change of angular rate of the table. The angular

-77-



G

t,l

E

_t

II.

al
iii
Q
,I
o,
L

! 000

|°° _

soo

400

zoo

0 .....
0

419-1113

/
i ii i i

" ,,, //

OI$1q,,I©IEIIINT ON $(:OPl[,¢m

SO0

4OO

i
o.
O

4)

300 w
;,J
W
o
kb

Q

L
6,

_o0

0
II

ioo

Figure 44 THRUST STAND DISPLACEMENT VERSUS APPLIED FORCE

-78-



¢ONTIII¢_. ANO POWI[N

VACU UM-CHAMliI[R WALl.

MOTOR

SUSPENSION WIRE WITH

!

!

Figure 45 SINGLE-AXIS IMPULSE TABLE

..79-



rate change of the table is measured with a rate gyroscope which has

a sensitivity of 554 mv/deg/sec. The equation of motion of the table

is given by

_R ÷ 'D (29)
A_ = tR

i

Where,A_ (radians/sec) is the measured change in angular rate, rR

(lb-ft) -- F (lbs) x I (ft) is the applied torque, 'D (lb-ft) is the system

disturbance torque, _R (sec) is the time the applied torque acts on the

system and J (lb-ft-secZ) is the table moment of inertia.

The major design goal in the development of the impulse table has been

to hold the disturbance torque, 'D ' which primarily arises from wire

tension to as lov." a value as possible. This has been accomplished by

using a cable which has a spring constant of about 300 dyne-cm/deg,

and by providing an optical driven servo system which can hold the

table to less than 0.01 degree. Thus, the disturbance torque due to

wire tension is less than 5 dyne-cm which corresponds to a thrust of

less than 1 micropound, at a moment arm of Z feet.

The impulse table is mounted in a test chamber wb_ich is 6 feet in

diameter and 9 feet long. The chamber is connected to a 32-inch

diameter diffusion pump which makes it possible to achieve a blank-off

pressure of 3 x 10 "6 tort and a _ressure of less than 1 x 10 "4 zorr at
ammonia flow rates of the order of 10 x l0 "6 lb/sec. As will be

discussed below it has been established that back pressure is a critical

factor in the determination of the performance of low- thrust gas

expulsion devices.

The table i-_ caiibra_ed in _he following n_a__ncr. The relationship

between the applied torque and the resulting rotational velocity change

is given by

where, F is the applied thrust, R is the moment arm, J is the moment

of inertia, A_ is the angular rate change, and At is the time period for

which the force F is applied.
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Referring to Figure 46, a known force is applied tangential to a radius

of the table. A weight is suspended between the tank and the table by

means of a fine (I/Z-rail) tungsten wire; r.he weight w and thus a force

F = cot OW are applied to the table at a radius, R, by a mechanical latch

mechanism. Prior to the attachment of the sling the table is brought to

a condition of constant velocity by adjusting the twist in the support table

until the net torque on table is zero. This is evidenced by a constant

leve! output from the rate gyroscope.

To illustTaCe the procedure the angular rate change is given by

(31)

where AS is the signal change brought about by the change in rate. The

table moment of inertia is then given by

J" . FR G_Xc/AS (3Z)

T)'pical calibration results are presented in Table LX.

TABLE IX

TYPICAL CALIBRATION RESULTS FOR THE SINGLE-

AXIS TABLE

CaLibration Force, T

Torque Arm, R

Gyro Sensitivity, G

Signal Change, _$

Tir_.e of Acceleration, Ic

Calculated Moment of

Iner¢ia, _"

499 mic ropounds

1.50 feet

55_ mv/deg/sec

80 rnillivolts

23.6 seconds

7.0 lb/fC/sec Z

From the preceding relations it immediately follows that the thrustor

output is given by

-_Sl R2 Ac2 (33)

T I = T 2 AS 2 R 1 At 1

where the subscript 2 refers to calibration and the subscript 1 refers

to the direct thrust measurement.

The lower impulse hit capability for the single-axis table is bet_veen
10 -5 and I0 "6 lb-sec.
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2. Effect of Back Pressure on Thrustor Performance

During the course of the present study it has become apparent that test

chamber pressure has a critical e_fect on the performance of thrustors

operated in the thrust range below 1 millipound. Figure 47 shows a plot of

measured engine thrust versus back pressure for the 1 l-rail orifice shown

in Figure 47. The thrust shows a remarkable sensitivity to back pressure

and only begins to level off at back pressures below the order of 10 -4 tort.

On the basis ot these results, all the thrust data to be subsequently reported

have been obtained at back pressures of less than 10 -4 tort. The physical

reasons for the strong variation of thrust level with back pressure are not

at all understood and are outside the scope of the present investigation.

It is suggested, however, that previous uncertainty/with regard to the per-

forrnance of micro-thrustors has been associated with this back pressure

effect (refs. 5, 6, 7).

3. Comparison of Single-Axis Table and Wire-ln Tension Thrust Stand
l_[eas ur • ments

Figure %8 shows a comparison of _hrust measurements on the I l-rail orilice

made on the single-axis _able and the wire-in tension thrust stand. The

impulse bit lengths on the single-axis table were between I0 and i00. seconds.

No si_pnd/icant dif/erence can be observed in the two sets of data over the

thrust range from 50 to lZ00 m/cr_pounds. The lower thrust measurement

capabtltt_ of the wire-in tension thz.a_t stand is about 50 micropounds. The

thrust measurements are estimated to be accurate to about + 5 percent.

4. Propulsion Performance of an ll-rnil Orifice

The propulsion performance of a nozzle can be expressed in terms of a

discharge coefficient, C D, a thrust coefficient, C F , and a specific impulse

or exhaust velocity coeiiicient, C V.

The discharge coefficient, as indicated previously, is defined as

CD = mzccua!/m_dea! (34)

where, mactuat is the actual mass flow and &ideal is the ideal mass flow

passed by the nozzle under the same conditions. The discharge coefficient

versus Reynolds number for the ll-mil origice has been shown in Figure

Z4. As the throat Reynolds number decreases the discharge coefficient

decreases due to the viscous flow effects.

The nozzle thrust coefficient is defined as the ratio of engine thrust to the

product of throat area, A_ , and nozzle chamber pressure, Pc, or
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CF = T/P c At (35)

It is proposed that the basic criteria for nozzle performance is the throat

Reynolds number. The throat Reynolds number is given by

230 T (micmpounds) (56)
Re, t ffi

|sp (seconds) D t (inches) p_ (F-poises)

For example, for ammonia at 70" F and a thrust level of 10 micropounds,

the measured Is _ is 95 seconds, the throat diameter is 10 x 10 -3 inch,

the viscosity is _00 micropoises and t_he Reynolds number is 24. At a fixed

thrust level the Reynolds number will decrease with increase in engine

temperature due to the increase in viscosity. A plot of the thrust coefficient

as a function of Reynolds number ior the ll-mil diameter orifice is shown

in Figure 49.

As in the case of the ori/ice coelficient, the nozzle coefficient decreases

markedly with decrease in throat Reynolds number.

From Equations (54)and(35)it follows that the specific impulse is given by

T CF PC^, (37)
I_ ,, =

maccual CD m_L!

or.

IsF c CF/C D (38)

For a fixed nozzle inlet condition the specilic impulse is thus proportional

to the ratio ol thrust coef/icient, CF, and orifice coefficient,. _I>

Since the advent of the technological need for microthruetors there has been

considerable speculation as to the value of the throat Reynolds number at

which nozzle viscous flow losses become predominant. Figure 50 presents
a plot of the ratio of thrust to orifice coefficient as a function of throat

Reynolds number. The thrust to orifice coefficient ratio and thus the

specific impulse are remarkably insensitive to throat Reynolds number

down to Reynolds numbers of about 5. The results imply t/mr, (for the llo

rail orifice with a 45-degree half-angle) down to Reynolds numbers of the

order of 5, the viscous flow effects primarily appear in the inlet region to

the nozzle throat and do not significantly effect the nozzle downstream
expansion process.
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Figure 51-shows specific impulse versus thrust level for the ll-mil orifice.

There is no significant falioff in specific impulse down to thrust levels as

low as Z or 3 micropounds.

The ideal specific impulse corresponding to the complete conversion of

available energy to kinetic energy is given by

Zsp,ide,a - 9.34 _ (39)

where, h (cal/s) is the total energy in the gas. For cold arnn_.onia at 70" F,

the available energy is 159 ¢al/g and the corresponding maximum attainable

specific impulse is 117 seconds.

In general, the nozzle will have a £in/te area ratio and will operate at a

finite back pressure. The ideal isentropic specific impulse is given by

[sp,[sen = [sp,max f(Aexir/A" , Pchamber/Pexic' Y) (40)

_(,, t)

Pexh Pamb[ent ). (41)
Pchamber Pchamber

The ideal isentropic specific i_z_pulse for the ll-rnzi orii_.ce lO0-to-], area

ratio and pressure ratio of 104 to 1 is 104 seconds.

In order to correct for the non-axial component oi the vetocity a theoretical

cor'rection factor,A, can be agplied to the nozzle-exit momentum of an idea[

roc'_et motor. This factor is the ratio between the rnomencurn of the ga_es

_n a nozzle with a finite nozzle angle 7 a and the ideal momentum of a nozzle

with all gases _lowing in an axial direction.

- I/2(I +cosa) (4Z)

For an ideal nozzle A= 1.0. In the case o£ _he ll-milnozzle, which has

a 45-degree half-angle, the nozzle correctior, factor is 0.86.

The isentropic specific impulse with nozzle correction for momentum losses

is given by
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_sp, ise., =oft = _" Isp, ;sen (43)

For the ll-mil orifice the isentropic specific impulse corrected for mo-

mentum losses is 87 seconds.

The idea/, isentropic, and isentropic wiuh nozzle correction factor specific

impulses for the ll-mil orifice are shown superimposed on the experimental

data in Figure 51. The specific impulse of the ll-mil orifice is quite close

to the ideal values predicted on the basis o£ isentropic flow and a nozzle

correction factor. Thus, as concluded previously, there appears to be little

significant effect of viscous flow losses on nozzle performance over the

operating range of the present experiments..

5. Propulsion Performance oi Fast Heat-Up Thrustors

{300 tO 1200 micropounds}

The thrust level versus electric input power for the rhenium thrustor

operated at cnamoer pressures, respectlveiy, oi5-_nd _-psia ts shown _n

Figures 52 and 53. The thrust level decreases with increase in the electric

power input due to _he pressure drop u% the heater tube and viscous ilow

effects on the nozzle thrust coefficient. As discussed previously in Section

LI.D (see Figures 31 and 32), estimates have been made for the pressure

drop in the heater tube on the basis of one-dimensional viscous flow and

momentum considerations. Figure 54 shows the thrust coefficient, CF,

as a function of throat ReFnolds number. The thrust coefficient, defined

as T/PcAt, is based on the measured thrust and the estimated pressure at

the nozzle inlet. As indicated estimates of the heater tube pressure drop

were obtained both for the dissociated and nondissociated anlrnonia. Com-

paring Figures 50 and 54 the thrust coeificient for the rhenium engine both

decrease with decrease in throat Reynolds number in about the same manner

as the I!-to.i! orifice.

Figures _and _6sho,vsoecific impulse versus electric power inout for the

rhenium engine at chamber pressures, respective!y, of 5-and 9-psia. At

the same electric power input the specific impulse for the chamber pressure

of 5-psia is slightly higher than for the chamber pressure of 9-psia. This

apparent slight increase of specific impulse with decrease in chamber

pressure probably corresponds to the fact that the _as and engine temper-

atures are more nearly equal for the lower rnass-flo_v situation. Figure

57 shows a plot of the ratio of thrust-to-total-input power (cold _as plus

electric input power) as a function of electric power input. The over-all

efficiency is less than 20 percent at specific impulses greater than 200

seconds. The low-thrust efficiencies primarily result from the high radia-

tive-power-loss characteristic of the high engine temperatures.
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Figures 58 and 59 show the measured engine specific impulse as a function

of engine temperature for chamber pressures of 5 and 9 psia, respectively.

Superimposed on the experimental curves are plots of estimated specific

impulse as a function of engine temperature for completely dissociated and

nondissociated ammonia. It is assumed that the engine and gas temperature

are equal, in estimating the engine specific impulse it has been assumed,

on the basis of the cold flow data, that Isp/Isp, ideal _ 0.81. The results

suggest as in the case of the hot-flow, energy-transfer data that dissoci-

ation is initiated at temperatures of the order of 1250" K {2250 ° R).

6. Propulsion Performance of Fast Heat-Up Thrustors

(I to 300 micropounds)

During the course oI the present pro@ram, data has been obtained on the

performance of the rhenium thrustor operated at chan-_ber pressures as

lox_ as 0.20 psia and thrust levels down to ] n%icropound. Figures 60 and

61 indicate thrust level as a function o£ electric pow, er input for chamber

pressures over the range irom 0.20 to 1.0 psia. As in the case of the

previous runs at higher chamber pressure, the thrust level decreases with,

increase in input power and the corresponding increase in thrustor temper-

ature. For example, in the case of the data obtained at l-psia chamber

pressure, the thrust level decreases from close to 70 down to 20 micro-

pounds for an increaBe in power level from 0 to 12 watts.

Figure 62 shows measured specific ._rnpulse versus electric input power

for the chamber pressures from 0.Z0 to 1.0 psia. The specific impulse

at a given power level appears to be relatively insensitive to the chamber

pressure. This is to be expected since the power translerred to the @as

was in nearly all cases only a small fraction of the input power. In other

xvords, at a f_xed input power level the engine ten]oerature x_,as reiativeiv

insensltive to the gas-flow rate. At the lo%es: chamber pressure of 0.20

psia, there is some evidence that an increase in power input resulted in

a decrease in specific impulse, probably due to viscous flow effects. In

this case the throat Reynolds number was of the order of unity.

7. Summary of Fast Heat-Up Thrustor Performance'Characteristics

The nozzle thrust coefficient, C F, is a function of the nozzle throat Reynolds

number. The thrust coefficient decreases with decrease in Reynolds

number. Perhaps somewhat surprisingly the ratio of thrust coefficient to

orifice coefficient as a function of Reynolds number is a constant down to

Reynolds numbers of at least the order of 5. As a result, the ratio of

actual-to-ideal specific impulse is relatively insensitive to Reynolds number

down to Reynolds number of at least the order of 5.
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The rhenium fast heat-up tl_rustor has a maximum specific impulse capa-

bility of at least 300 seconds using ammonia as a working fluid. At these

high specific impulse values the over-all electric-to-thrust-power efficiency

for the engine is, however, less than lO percent.

Performance data has been obtained on fast heat-up thrustor at thrust levels

down to a few micropounds. The only evidence of a falloff in engine per-

forrnance has occurred at Reynolds numbers of the order of unity or less.

At a gas temperature of 300 ° K and an engine throat diameter of 10 x l0 "3

inches, a Reynolds number of unity corresponds to a thrust of 0.50 micro-

pound; on the other hand, at a gas temperature of 1500 ° H, a Reynolds

number of unity corresponds to a thrust level of 3 micropounds.

The evidence from the thrust data, in agreement with previous information

on _Ue mass _io_ and pressure data suggests that arnl_onia dissociation is

initiated at about 1250 ° K.
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lIT.. SINGLE AXIS LABORATORY ATTITUDE CONTROL SYSTEM

A. INTRODUCTION AND BACKGROUND

As part of the present prograxn, a series of resistojet system tests have been

carried out on an atria'ode control system test bed which has been recently

installed at NASA Lewis. The attitude control system test bed is shown in

Figure 63. The test bed is mounted on an air bearing in a vacuuxn _be_.

During a typical attitude control system test, the test bed is comp[e_l 7 iso-

lated from the [aborator 7 and is self-contained. Power is supl_lied from on-

board batteries; propellant is suppled from an on-board propellant supply; and,

finally, communication to and from the test bed is accomplished b 7 means of

telemetry. The test setup has been designed and developed by NASA Lewis to

simulate an actual space control mission, as far as is possible, in the tabors-

tory. The test bed and test setup are readily adaptable to the testing of a

variet" 7 of attitude control systems based on gas and particle expulsion devices:

these include both electrothermal plasma and ion electric propulsion engines,

and cold-gas, sub[i:ning-so[id, rnono- and biprope[[ant rockets. The air-

bearing test facility/ is thus ideally suited for comparing the over-all performance

of different attitude control systems.

The primary purpose of the initial resistojet attitude control system tests on

the NASA Lewis air bearing has been to demonstrate the feasibili_7 of applying

the resistojet concept to a complete satellite attitude control system, and to

identify actual and potential interface problems. To simptif 7 the control

problem the initial air-bearing tests have been single rather than three-axis.

It is stressed that in the design and development of the resistojet attitude

control system for the sing[e-a:_is, air-bearing test er..phasis has been placed

on demonstrating hardware feasibilit 7, rather than demonstrating optimum

resistojet attitude control system performance.

For the initial air-bearing resistojet attitude control system test, Avco RiD

was responsible for the e!ectricaL and mechanical system components Ludicated
in Table X.

TABLE X

RESiSTOJET ACS SYSTEM COMPONENTS

SUPPLIED BY AVCO/SSD

Control Logic Package
Light Source and Sensor

Power Conditioning Packag_
Resistojet Engine System

Resistojet Engine

Propellant Storage and Regulatio-
Engine Inn trua-_enf_tion

Siena1 Conditioning Package
Checkout Console
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The control ferric packa.qe includes a Light source and sensor to establish test

table position; basically, the control logic package signals the individual

resistojet engines to turn o£f and on in response to signals £rom the light

sensor located on the test table. The basic electrical system is shown in

• Figure 64.

The power conditionin_ package converts the regulated power obtained from

the battery supply located on the test table into a form suitable for resistojet

operation. It will be recalled from previous discussion that the power condi-

tioner must be carefully matched to the resistojet engines because of their

inherent low resistance.

The resistojet engine system includes three resistojet engines, two for attitude

control and one for station keeping. The engine system also includes liquid

and gaseous arnrnonia reservoirs. A block diagram of the system is shown in

Figure 65. The propellant (ammonia) is stored as Liquid in the ammonia

reservoir. The Liquid-ammonia tank is connected to the gaseous-ammonia

reservoir by means of a solenoid valve operated by a pressure switch. The

_ressure s,vitch o_ens :he -/a[ve ,.vhen the g_s pLenun% pressure falls be o-" a

preset valve and closes the valve when the pressure rises to another prese_

valve. Referring to Figure 65, instrumentation is supplied to measure the

resistojet chamber pressure, heater temperature, gas inlet temperature, and

gas-flow rate.

The signal-conditionine Dac!mae amplifies the signals produced by the pressure,

temperature, and error sensors preparatory to transmission by the tetemetl-y

package.

The basic purpose of the initial resistojet attitude control system test was to

hold the position of the test bed around a single axis Go with/n ± I/Z degree.

The position of the test bed with respect to the Light beam is established by

means of a Light sensor located on the test bed. i_ the angular d/sp[acerr.e.%_

of the test bed is outside the prescribed Limits, a signal is passed Go the con-

fro| Logic package wllich, in turn, calls for power (from the power conditioner)

and propellant (from the prope[[an_ __as reservoir) _o be delivered to _he proper

thr_astor. The tests included both acquisition and Limit-cycle operation.

In the following sections detailed descriptions are presented of the individual

components of the total resistojet ACS. These include:

1. Control Logic package,

Z. Power conditioning package,

3. Resistojet engine system, and

4. Signal conditioning package.
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B. CONTROL LOGIC PACF.AGE

The discussion of the control logic package is subdivided into four parts: (l)

single axis control logic; (2) estimated perforrrmnce of the single-axis control

logic system; (3) electronic circuitry for the control logic system; and (4)

description of the light sensor and light source.

i. Si_ngle-Axis Control Logic

A control system has been selected for control of the t%vo resistojet attitude

control engines with the purpose of ntaintainin E the attitude of the single

axis table u'ithin the desired angular limits with a minimum of fuel con-

sumption. The control method selected is based on the method proposed

by Vaeth (ref. 8). This method not only provides for effective damping

of initial conditions (that is, acquisition), but n%iniznized _ue', consunuption

and the valve cycling frequency. The Vaeth technique accomplished the

same degree of limit-cycle optimization as obtained by the use of a num-

ber of different switching levels as originall.v proposed by Oavlord and

Keller (rei. g ), and, in addition, provides for the rapid damping of initial

conditions. Basically, the Vaeth method uses two sets of rate dependent

control commands. Both sets are controlled by a function of both the

angular divergence and the angular rate. Whenever the function exceeds

the smaller of two preset valves, the appropriate resistojet is pulsed on

for a preset time producing an impulse bit which, £f the angular rate is

small enough, reverses the direction of rotation of the table. The system

thus oscillates between two preset limits resulting in limit-cycle control.

If the rate of rotation is too large, however, the impulse, bit will not be

sufficiently large to reverse the rotation. SVith this condition, the func-

tion will reach and exceed the larger of the t_,o preset values, above which

the resistojet is turned on and ten%sins on continuously until the function

again drops beloxv this preset valve. This set of commands is used for

acquisition and as a back-up to the lintit-cycle control lines.

The control logic can be explained in more detail by reference to Figure

66. The bottom sketch illustrates schematically the control system and

single-axis table. A well-collimated light source is placed inside the

vacuum tank containing the air-bearing table to serve as the reference for

orientation. On the table itself, a light sensor is placed which provides a

single proportional to the angular divergence, 6 , of the table with the

null at 8 - 0. This light sensor covers a maximum range of • 8 degrees.

The signal from the light sensor goes to the control logic system which,

im turn, controls the resistojet engine operation. The light source will be

described subsequently.

The top sketch of Figure 66 indicates the logic used in the control system.

Lines A and B represent the acquisition control lines, and also serve as

backup lines to the inner lines. Whenever the combination of 8 and dS/dt
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lies outside of these lines, the appropriate resistoject engine (RI for line

B and R2 for line A) is operated continuously until the table is rotated to a

state within these lines. These lines are set at ± 0.4 degree with dO/at

-- 0. Lines C and D represent the limit-cycle control lines /or control after

acquisition. Whenever 8 and dS/dt change such that line D is crossed,

resistojet R1 is pulsed on for a preset short time period to provide an im-

pulse bit. Whenever line C is crossed, resistojet R2 is pulsed on to provide

an impulse bit in the opposite direction. Lines C and D are set at ± 0.2

degree with d0/dz = 0. It should be noticed that both sets of lines have a

slope to the left, and thus the operation of the resistojet control is not only

dependent on the angular error, 8 , but also on the rotation rate, a_J/d_ .

The operation of the logic in acquisition can now be explained by reference

to Figure 67, which is a plot of the acquisition lines only extending out to

the lin_it oi the op=ical sensor, ± 8 degrees. Consider the case of the table

initially at a large positive angle wi_h zero rate of rotation. A telemetry

comn-.and signal for counter-clockwise rotation is given from the "ground"

station and registo_et engine R] turned on.

The resistojet operates continuously until line ]5 is reached following _he

dotted line I to 2 in Figure 67. This resistojet is then turned off and the

system drifts from B to A. When line A is crossed, resistojet R2 is turned

on automatically and operates continuously driving the table along Uhe par-

abolic path 3 to 4 where line A is again intersected and resistojet R/turned

off; the table then drilts at cons$ant rate bet_veen lines A and B where resis-

tojet Rl is turned on automatically. The system again follows a parabolic

path along the dotted line from 5 to 6 where resistojet R1 is turned off auto-

matlcally as line B is crossed. It is seen that due to _he slope of the control

lines, a spiral-like path is followed which tends to reduce both _ and d_/dt .

Continuation of this cyclin 8 thus reduces both (_and d6'd: to very small

values so that the inner control line s can take over the control. The dynam-

ics of the control system and table have been simulated on an analogue

computer (see Appendix E). In Figure 68, a typical plot from the computer

is presented illustrating acquisition from an angle of +60 degrees with an

initially zero rate of ro_ation. For this particular case, the acquisition

tinxe for the table was 2090 seconds with a thrust torque of 10 -3 ft-lb and

table moment of inertia of 27 slug-ft 2.

Attention will now be turned to limit-cycle operation between lines C and

D of Figure 66. During the acquisition phase, control lines C and D are

active, a_d the resistojets are actually pulsed on when these lines are

crossed. The rate of rotation is high enough, however, so that lines A or

]5, respectively, are reached before the pulse period is over and the resis-

tojets remain on. As the rate decreases, a value is eventually reached

where the rate is small enough for the pulse from lines C or D to change
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the direct/on of rotation and to prevent Lines A or B from being crossed.

When this condition occurs, the system drops out of the acquisition phase

into limit-cycle control between lines C and D, with lines A and B serving

now as a backup in case the system should leave the limit-control cycle due

to some unusual disturbance.

The effect of disturbance torque on limit-cycle operation is very strong.

Operation can be either in a "hard" limit cycle or a "so/t" limit cycle,

depending on the relative magnitude of the disturbance and control torques.

The difference benveen these modes of operation can be explained by re-

ference to Figure 69. In this figure, it is assumed that the rate of rotation

is small enough so that no change in _ occurs during the resistojet pulse,

that is, the resistojet produces a step change in d_/dt . In the soft limit

cycle, as illustrated in the top sketch, the resistojet impulse produced by

crossing line D is insufficient to drive the system to an intersection with

line C; instead, the disturbance torque changes the d_/dt , # state along

the dotted parabolic curve during the drift phase until line D is again crossed

and the resistojet pulsed. Thus, the resistojet is pulsed only once per cycle

and the inlpuise fron] the disturbance torque is exactiv balanced b 7 the _nn-

pulse from the resistojet. This mode of operation thus represents a mini-

mum in fuel consumption and, for a given disturbance torque, the fuel con-

surnption is independent of the thrust paran'.eters (thrust, pulse length,

moment arm length) so long as these parameters are such that operation

in a soft limit cycle is maintained.

It should be noted here that a soft limit cycle need not be symmetrical as

illustrated in Figure 69A. In figure 69B a nonsyrnmetrical soft limit cycle

is illustrated; as is evident from this sketch, this type of cycle is nonrepeat-

ing. The type of cycle encountered in any particular case depends on r_he

acquisition or point of entry into the soft limit cycle. It should be emphasized

again, however, that the fuel consumption and number of resisto3et pulses

are inaepen(ient of the thrust parameters or r.he acquisitlon phase so long

as soft cycle operation is maintained.

The dotted lines I and Z on the symmetrical soft limit-cycle sketch of Figure

09 represent two different levels of disturbance torque for constant thrust

parameters, line 1 representing the smaller disturbance torque. It is

obvious that below some disturbance torque limit the sytem will be over-

driven, and will cross control line C so that the resistojet in the opposite

direction wiLL be pulsed on. Thus, instead of exactly balancing the distur-

bance torque and having only one pulse per cycle, there will be t_vo pulses

per cycle, and the two resistojets will be partially counterbalancing each

other. This type of operation is called '"nard" limit-cycle operation and

results in a significant increase in the fuel consumption relative to the soft

limit cycle. If the disturbance torque is zero, it is apparent that the limit

cycle must necessarily be "hard", and the operation will be as illustrated
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in parts C and D of Figure b9. The drift phase here takes place at constant

d0/dr , and the resistojet pulsing serves to reverse the rotation, thus keeping

the orientation within the desired limits. The path of the cycle repeats it-

self regardless ol whether the cycle is symmetrical or nonsymmetrical.

It should be noted that the slope (or rate dependence) of the control lines is

necessary to provide stability to the control cycle. This is illustrated in

Figure 70, where the hard limit cycle with no disturbance torque is pre-

sented for the practical situation where the two resistojet pulses do not

exactly balance each other. In these sketches, the pulse controlled b 7 line

C is assumed to be one and one-half times as large as that controlled by

line D. In the top sketch, with rate-dependent control lines, the path starting

from point 1 returns to that point after two cycles and the control system

is basically stable. In the bottom sketch, with control lines dependent only

on 0, the imbalance in impulse from the two opposing resistojets results in

the system "jumping out" of the l_nit-cycle control as shown; this system

is thus basically unstable and requires backup lines.

The case oi a nard limit cycle with a disturbance torque is illustrated in

Figure 71. in the coast phase, the rate of rotation, d'_/_t , changes due to

U_e disturbance torque. The exact path followed by _he hard lixnit-cyc_e

operation with a disturbance torque is strongly dependent on the state of

entry into the cycle; that is, on the acquisition phase. A nonrepeating type

of cycle can be obtained, as illustrated in Figure 71. Under certain

conditions of entry into the cycle, a combination soft and hard limit cycle

can be produced, as illustrated in the three-pulse-repeating cycle of Figure

71. The soft limit cycle results when the control torque changes the rate

to a small negative valve so that the disturbance torque can change dU/d¢

to a positive valve before the opposite cuntrol line is reached. The occur-

rence of these soft limit cycles will increase in frequency as the disturbance

torque is increased for constant thrust parameters. At zero disturbance

torque, no soft limit cycles will occur; as the disturbance torque is in-

creased, more and more soft limit cycles will occur until the disturbance

reaches or exceeds a limiting valve _vhere the ope_-ation,vi!l be completely

in the soft limit cycle.

Z. Estimated Performance of the Single Axis Control Logic System

The basic goals in optimizing the attitude control system performance for

a mission are: (I) to minimize fuel consumption, and (2) to minimize the

pulsing frequency for reliability reasons.

The tests to be performed on the NASA Lewis air-bearing table will even-

tually permit study and comparison of various control systems, as well as

a test of the resistojet itself and the associated mechanical equipn_en _.

The first tests have primarily been a test of the control logic and total system.
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This section presents the calculated performance of the system as a function

of the air-bearing disturbance torque level. At this time, the clisturbancc

torque level characteristic of the NASA Lewis air bearing has not been

completely es_zblished; however, it is in the range from 10O to i000 dyne-

cm. The nominal characteristics of the first resistojet single-axis attitude

control system, which will be referred to as Avco Resistojet Attitud_ Con-

trol System-Model I, are presented in Table Y_I.

TABLE XI

AVCO SINGLE AXIS RESISTOJET ATTITUDE CONTROL SYSTEM - MODEL 1

NOMINAL PERFORMANCE CHARACTERISTICS

]Engine Thrust Level

]Engine Specific Impulse

Power Level

Engine Chamber Pressure

Ammonia Flow Rate

Heat-up Period (No Propellant Flow)

Fixed Pulse Length (Inner Lines)

One-Half Deadband (Inner Lines)

One-Half Deadband (Outer Lines)

Table Moment of Inertia

initial At_Zude

5 x 10 -4 pounds

It0 seconds

5 to I0 watts

S0 psia

4.2 x 10 -6 Ibs/sec

1 second

4 seconds

0.2 degree

0,4 degree

Z7 slug-ft 2

Z. 25 degrees

a. Soft Limit-Cycle Operation

The fuel consumption, as mentioned previously, is a minimum for soft

limit-cycle operatiojn and, for a given di,_turbance torque, should be

independent of the thrustor characteristics as long as their magnitude

is in the range to maintain soft limit-cycle operation. The fuel con-

sumption for operation in this mode can be written as:
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,D T

ms " 980 [sp

where

L

(44)

m s : total mass of propellant required for soft linlit cycle

operation, grnm

rD = disturbance torque, dyne-cm

T s total time period of control seconds

Isp : specific impulse of propellant,

The number of resistojet pulses or of soft limit cycles can be written
as-

N

where

N = number of required resistojet pulses

(45)

F a thrust force from re_istojet, gn_f

:R : thrust time per pulse, sec

The duty cycle or ratio of time of thrust on to total time is given by

_D _D (46)

980 F L "R

_here tR is the torque generated by the resistojet in dyne cm. Thus,

very si.,-_.plerelations suffice to describe _he performance of a system

controlling in a "soft" limit cycle with a constant disturbance torque.

The quantities ms' N, and _ are presented m Figure 7g as a function
of disturbance torque for the conditions expected in the NASA, Lewis

tests. As indicated in the following discussion, the limiting distur-

bance torque above which soft limit cycle operation is positively obtained

is 575 dyne cm for the nominal operating condition.

b. h_iaximum Thrust Force for Soft Limit-CFcle Operation

The question now arises as to when the limiting value of disturbance

torque is reached for soft cycle operation. This occurs when the control

impulse bit is just su_icient to rotate the table to the opposite control

line, as discussed in the preceding section. A quantitative relation

will now be derived for this limit. Consider the following sketch.
-lZl-
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It is desired to determine the magnitude of the thrust force below which

solt limit-cycle operation will definitely occur. The worst possible

case must be considered and is illustrated in the above sketch. This

worst case occurs when the limit cycle is entered so that the control

pulse decreases the rate very close to zero. When this occurs, the

same control line is again crossed produciug a second pulse in the

cycle. Thus, the control pulse _u this case is two pulses from the

;'esistojet instead of one. In the following discussion, the small change

in orientation between the %%vo pulses will be assumed to be negligible.

The relation describing the table motion in the absence of the control

torque is:

d:e rD

dt 2 J

where J is the table moment of inertia.

: = 0, where 0= 0 , and _d0 = df,__l
o & \at/_

Integration thus gives with these initial conditions:

(47)

Let condition (1) represent

Assuming that the control pulse width is short relative to the total cycle

time, the two control pulses produce a step change in dO/dr. Thus,

do. % (49)
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where t R is the pulse time of the resistojet. Also, at position (1),

(d_J/dt) o _, - 1,2 .'% "_t " Now, assuming that the slope of the control,

line is small and can be neglected, 0° = (_ . Substitution of these

quantities gives

= • 2- 7 c0-% 

The limit for soft cycle operation occurs, where

or

db/d: =.0 at 0 =--0
C

Letting 'R = ""iL' where F 1 is the limiting thrust force and Lthe

moment arm, gives

-" (_z)

Thus, for a given disturbance torque and pulse time, any force greater

than F l may or may not result in hard limit-cycle operation depending

on the entry point into the cycle; any force smaller than F 1 will always

result in soft li_it-cycle operation, however.

Another limiting case can be derived which gives the maximum thrust

force, F 2 , with which soft limit-cycle operation can be obtained. Soft

linuit-cycie operation cannot be guaranteed in the region F 1 < F <_F= ,
however, and the mode of operation will depend on the entry point into

the cycle. Whenever the thrust force is greater than F_, the limit cycle

_ili always be hard, ai_hough soft l_nuit branci_es nuay occur in the cycle.

The limiting force, Y2 ' is given by the cycle with only one pulse rather

than two as was the case for determining F 1. In this case

A • = tR T .

and

4

F2 " Lt--'R

Thus,

(54)

F2 ., 2F 1 . (55)
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In Figure 73, a plot of F l and F2 as a function of disturbance torque is

given, and the areas of definite soft limit cycle, possible but not neces-

sary soft limit cycle, and definite hard limit-cycle operation are in-
dicated for the nominal conditions o5 the _ASA Lewis test. It is seen

that at a thrust level of 0.5 x 10"3 lbf, a disturbance torque greater

than 575 dyne-crn will definitely insure soft limit-cycle operation, while

one less than 144 dyne-era will definitely insure hard limit-cycle opera-

tion. For disturbance torques between these two values, the operation

may be in either a soft or hard limit cycle, depending on the entry point

into the cycle. The type of control operation to be experienced in the

NASA Lewis tests will thus depend on the disturbance torque of the
table.

c. Hard Limit-Cycle Oper'a_on

The performance of the system when operating in a hard limit cycle is

difficult to determine analytically , and reliance must 6e placed primarily

on the analogue computer calculations. The situation is further con_-

21ica_ed _)y _i_e -act _h_r_ _he cycle oi operation, and hence _he _uei con-

surnption, is strongly dependent on the entry point into the cycle and

also on the disturbance torque. The onl>" case which Dermits limited

study analyticail _" is the zero disturbance torque case. Con_ider the

following nonsymrnetrical hard limit cycle with zero disturbance torque.

i+e 

f

.e.

A

J

The effect of the slope in the control lines wiLt be neglected and it will

be assumed that the pulse duration relative to the to_l cycle duration

is negligible. Then, the t_me per cycle is
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tc ' 2ac (56)
(d#/dc) I (dfl/dt) 2

Now, "

SubsVicution _ives

CC _ 20C

The cycle time thus depends not only on the A_ value, hut also on

whether the control cycle is symmetrical or unsymmetrical and how

unsymmetrical.

The values of #I which gives a miximurn and a minimum in cc are:

_[inimum _ : _ - , that is, a symmetrical cycle.
¢ ! 2

.%{axing.urn : : _'I = _ that is, one le_ of _'e cycle fails on the

• zero race line _ivin_ an irdinite cycle time.

For a symmetrical cycle which gives the maximum fuel consumption,

substitution of _I = _ _ives:
2

%
% = s -- (58)

NOW ,

:R _R

!
(59)

Sub stitution _ive s

(tc)min = 8 --
rR cR

(60)

There axe _o pulses per cycle; the duty cycle can thus be written as:

2 cR rR c2

f = --= 1/4 (61)
cc 8c I
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The fuel consumption can be written as

m S

F (F tR)2 L T
: f ---- T = 2/4

lsp 0¢ J Isp

(62)

For the nominal parameters of the NASA, Lewis test, the calculated

values are (for the zero disturbance torque case):

(ms)ma x ,, 2.90 grams

(tc)mi n - 514 se¢

(f)m_x = 2.55 _ 10 -2

The above analysis represents the lir_it of simple analysis of the hard

limit-cycle case. Analogue simulation of the system l_s been per-

formed, however, and the results are presented in Figure 74 in terms

of duty cycle versus disturbance torque. The plots are for pulse times,

tR , of 2, 3, and 4 seconds. In addition, the curve is given for the case

of control between the outer ba'ckup lines only (pulse time, rR, = 0)

moved into 0c = 0.2 degree. These curves are for acquisition from an

attitude of 2.25 degrees. For the tR = 3 seconds and ¢R = 4 seconds

cases, the duty cycle (or fuel consumption) first rises rapidly with

increasing disturbance torque reaching a maximum in both c_ses _t

I00 dyne-cm. The duty cycle then decreases rapidly with increas_

disturbance torque and approaches soft limit-cycle operation as repre-

sented b.v the solid line. For the tR -" 4 seconds case, soft limit cycle

occurs for dist_rbance torques above 300 dyne-cm and for the tR - 3

seconds case, above about 200 d3"ne-cm. For the :R = 2 seconds case,

the duty cycle is very close to the soft linnit-cycle case above a distur-

bance torque of 50 dyne-cm. It i_ apparent from this plot that for this

particular acquisition angle, a pulse length of 2 seconds would be the

n_ost desirable operating condition. It is also apparent that control

without the inner control lines is better than operation with the control

lines and pulse lengths of three or four seconds.

In Figure 75, a plot is given of the limit-cycle period as a function of

the duty cycle with pulse duration and disturbance torque as parameters.

This plot is based on the results of analogue computer calculations,

including those presented in Figure 74, to determine the soft lhmit-cycle

boundary. This boundary as given is thu_ appl'icable only for an

acquisition angle of 2. 25 degrees. As discussed earlier, the fuel

consumption _or soft limit-cycle operation is dependent only on the

disturbance torque and the constant disturbance torque lines are thus

vertical lines on this plot (constant duty cycle).
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d. Acquisition Performance

The acquisition performance of the system has been determined usin_

resu/_s from the analogue simulation. In Figure 76, the acquisition

performance is given in terms of the time and impulse required for

acquisition as a function of the initial acquisition angle. Additional

analogue computor solutions are printed in Appendix E.

3. Elec_r0nic Circuitr_ • for the Control Logic System

a. Control Logic Circuitry

A functional diagram of the control logic system is shown in Figure 77.

The control function, Z@_ is generated by the lead net_vork. The lead

network takes the sensor signal.8(c), and generates a control function,

Z(O,which is proportional to the sum of the vehicle position. _t_)

and rate,_O. The lead network is described in Appendix D. The

control function.Z(O, is then fed into a s_vitchin_ net,,vork -_vhich con-

_rois _he opera=ion of _he appropria_.e engine.

The con=rol me=hod. ,,vhich $overns the desiBn of bo=h :he lead and

swi=ching networks, is based on a me=hod proposed b7 Vae_h. (ref. 8)

The Vaeth method uses t_o sets of engine control commands. V_hen-

ever, the control function, Z(¢) exceeds the smaller; i. e., 81nne r , of
tWO p_'eset values, the appropriate engine is pulsed for a pa'eset time

prodttcir_ an impulse bit,Fdt, which if the angu/ar rate is small

enough, reverses the direct:ion of rotation of the table. The system

thus oscillates between the preset limits result[n_ in limit-cycle con-

trol. [f the rate of rotation is too l_-r_e, ho,.vever, the in_,pulse bit

v_ill not be su/ficien_iy _.arge to reverse the rotation. With this

condition, the control function _vill reach and exceed the lar_er of

_he t_,vopreset values, and the engine _.villbe :urned on and remains

on continuously until the control function a_ain irops below _he ia_-_er

preset value. This _et of cornrn, ands is used for _cquisi_ion and as

a Oackup _o _e iimi_-cycie control lines. For =he resistoje_ ACS _he

switchin_ network also prove.des a finite heat-up time before the gas

flow is pu/sed.

A schematic o_ the switchin_ network is presented in Figure 78. A

reset circuit (shown in dashed lines) has been placed in to the switch-

ing network to prevent two valves from ._oing on simultaneously due

to noisy signals from the polarity detect_.r.
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Referring back to the signal output from the lead network oi Figure 7H

now, this output goes to two Schmitt trigger circuits. The two Schmitt

triggers are set to trigger at different signal levels, and the sequence

of events resulting in the operation of a resistojet is different, dependin_

upon which Schmitt is triggered. For the lower signal level Schmitt,

which is triggered when the error angle of the light sensor is 0.Z

degree (inner control lines), the sequence is as follows:

The error signal energizes the Schmitt trigger which in turn energizes

the first monostable rnultivibrator. Trigger of the rnu/tivibrator turns

on the power supply for the resistojet heaters; the polarity detector

determines which resistojet heater is turned on by means of an "and"

circuit requiring two simultaneous signals (£rom heater power supply
and polarit 7 detector) before power is passed. The rnultivibrator

operates for a preset time to provide time for the resistojet to be heated

to the operating temperature without propellant flow-. For the initial

tests the heat-up time has been set at I second. At the end of the one

second heat-up period, the monostable multivibrator returns to its

staole _a_e a_c_ _ri_gers the seconQ monostabie muir.ivior=_ror. The

second rnul_ivibrator triggers the heater power supply, thus maintain-

in_ power to the resistojet heater and, at the same time, supplies a

signal to the valve "and" circuits. The "and" circuit receiving a signal

from both the polarity detector and second multivibrator, then passes

the signal to the valve solenoid, allowing propellant to flow through

the heated resistojet providing thrust. The heater and valve remain

energized through the delay" period of the second monostable multivibrator

and become deenergized when the multivibrator returns to its stable

state. For the initial tests (Resistojet Single-Axis Attitude Control

System-iViodel I) the propellant pulse length was preset at 4 seconds.

The above sequence is used for =he low level signals to =oive a "fixed

duration pulse:'. The second 5chtnitt trigger _s used for nigher Level

signals and overrides the effect of the firs_ Schrni_t trigger. The sequence

for the second Schmitt, _hich is tri__gered at an error angle of 0._I

degree (backup or acquisition control lines) is as iollo_vs:

The error signal triggers the Schmitt, which turns on the heater supply

and the first monostable rnultivibrator; the resistojet heater receives

a signal from the polarity detector, as well as the one turned on. At

the end of the 1-second heating period, the multtvibrator returns to its

stable state and supplies a signal to an "and" circuit. If the Schrnitt

trigger is supplTing a signal to the "and" circuit also, a signal is

passed to the "and" circuits controlling the valves. The "and" circuit

also receives the polarity detector signal, then passes a signal to the

proper valve solenoid opening that valve. The valve and heater remain

energized continuously until the error signal drops to the level at

which the Schrnitt trigger returns to its untriggered state.
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The polarity detector is necessary since the output of the absolute

magnitude amplifier is always positive regardless of whether the

signal polarity is positive or negative. The polarity detector detects

the polarity of the error signal and provides outputs to the "and" circuits

controlling the resistojet heaters and valve solenoids so that the pro-

per heater and valve are energized. The polarity detector also serves

the purpose of eliminating separate positive and negative channels,

thereby reducing the number of components in the system.

The control electronics as described above have been fabricated and

tested. Results of the breadboard testing have shown that the system

operates as desired. The physical system will now be described.

b. Control Logic Circuit Hardware

The control logic circuit test package ,'or installation on the single-

axis air bearing contains the control logic circuitry /or both the

attitude control and station keeping resistojet thrustors, and the

power-conditioning equipment for the attitude control resistojet

thrustors0 A circuit diagram for the control logic circuit is presented

in Figure 79.

A sectional view of the control logic test package is shown in Figure

80. The package is approxirna_.ely 6-1/2 inches long, 5 inches wide,

and 4-1/4 inches high. The package is subdivided into three shelves.

The bottom shelf, which is shown in Figure 81, contains the resistojet

attitude control engine power-conditioning equipment; the middle and

top shelves, shown in Figures 82 and 83, contain the control logic

circuitry ior the resistojet attitude control and station keeping engines.

A photograph of the control logic test package is presented in Figure 84_

The station keeping resistojet heater and control valve are operated

by telemetered commands. The logic circuit for this purpose is

illustrated schematically in Figure 85. The circuit consists of a

monostable multivibrator, diode logic, and a power stage. This

circuitry is also contained in the logic package.

4. Light Source and Sensor

The basic input to the control system lead network is the table position

(t), which comes from the sensor.

The single-axis resistojet attitude control optical system consists of an

angle sensor and a collimated light source. The collimated light source

was structurally attached to the vacuum chamber in which the singie-axis

tests were made and projected a collimated light beamtow.ard the axis of

the air-bearing test table. The sensor was mounted on the test table
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and used the light source as an angular reference detecting angular error of

the air-bearing table position. The electrical error signal generated by

the sensor was used as an input to the air-bearing table control system

commanding resistojet thrustor operation to reduce table position error

to zero.

a. Light Source

The light source used a straight-line filament incandescent lamp. The

filament is spring-loaded so that straightness is constantly assured.

This lamp filament is located at the focal point of an Aero Elector Lens,

having a focal length of 7 inches and an aperture of Y:Z. 5.

The light source projected a collimated beam of light onto the angle

sensor. Due to the collimated characteristic of the light beam,

distance between the sensor and the light source was not critical, The

lens diameter of the light source has been made larger than that of the

sensor pern]itting sn%all lateral displacements between the tv,'ounits

x_,ithfull illumination of the sensor.

b. Angle Sensor

The optical angle sensor originally consisted of a silicon photo voltaic

semiconductor sensing element and a srmt'll lens system used to focus

the light source reference on the sensing element. Operation of the

original sensor can be explained if we consider the sensing element to

be made up of a pair of triangular shaped silicon photo voltaic cells as

shown below.

Project (optically) an image of a straight-line filament on to this pair

of cells as shown below.
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When the filament is centered between X and X', the celts will receive

equal amounts of _[lumination and therefore the voltage output of each

cell wilt be identical. A displacement of the image in the X-X' axis

will cause the illumination on one cell to increase with a corresponding

decrease on the other. The summation of the two celts will then pro-

duce a direct-current signal with magnitude and sign determined by

the location of the image. Sensor null will occur when the image is

centered on the cells.

During the early testing o£ the Resistojet Attitude Control System

a control problem arose and was traced to the the optical angle

sensor. As previously described, the angle sensor should theoretically

be sensitive only about rotations in the desired plane. Lateral displace°

rnents or rotations about other planes should, because of symmetry,

cause no change in the output. Investigations revealed that this optical

angle sensor was also quite sensitive to rotations about an axis normal

to the desired one. This effect was traced to the fact that the tempera-

ture of the filament was not uniform, beino, hotter :n the middle and

cooler at the end_. The result of this condition wa_ =ha_ a5 _he image

of the filament was displaced vertically due to cross axis motions,

either cell A or cell B received more energy :hue producing a differ-

ential output. The net effect of this condition was that the angle sensor

was sensitive to swinging motions of the wire suspended table and as a

result, triggering of the electronics at unwanted times produced spu-

rious impulses a/feeling the lim."t cFcle of the system.

The design of the target was changed as shown in Figure 86.

From this geon_.etry, it can be seen that for cross axis motions, re-

sulting in an up and down motion of the image on the target, the output

will not change even though the =emperat-ure of the filament is not

constant. For displacements to the right or left, corresponding to

angular displacements in the wanted plane, it can be seen that more

energy will fall on either celia or cell B thus producing a differential

o_tput. The edges of the cells were cut to a particular shape so as to

linearize the output voltage by compensating for the non-uniforrnity of

the filament radiation.

Tests with this new optical angle detector confi.,Tned the fact that the

cross axis sensitivity was so low as to eRIninate problems due to

swinging motions of the table. The closed loop attitude con_.rol sys-

tems tests were thus successfully, completed on the wire suspended
test table.

The performance characteristics of the position sensor are surnn_arized
in Table X TT.
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TABLE XII

PERFORMANCE OF POSITION SENSOR

Scale Factor

Linear Range ± 2 percent

Maximam Output

30 rnvldeg

+ 3 degrees

_" 8 degrees

C. POWER CONDITIONING PACKAGE

The basic power supply system was furnished by NASA Lewis. The system

consisted of a battery bank capable of supplying 60 amp-hr at Z4 vdc. The

battery bank was connected to three voltage reguiacors, two of which supplied

a regulated voltage of + g8 vdc at a maximum rating of Z. 13 amperes; the

other suopiied a regulated voltage of -78 vdc at a maximum ratin__ of 1.0 am-

pere. In Table XIII the estimated power requirement_ for the 10-hour test are

given for each regulated supply, indicating that the power supply was ample for

this test. The basic _: ZS-vdc supply is conditioned by Avco/SSD equipment to

the desired levels required for the test; the power conditioning equipment will

now be described.

Power is required for the resistojet heaters, for the solenoid-operated valves,

and for the transducers and signal conditioning equipment. The solenoid valves

all operate on 28 vdc and can be connected directly to the NASA power supply

through the appropriate control system.

[. Power Supply _or Attitude Control Resistoiet Heaters

The resistojet enoalne has a resistance of approximately O. 1 ohm at oper-

ating temperature. For the desired po_ver of about I0 _;'a_ts for the test

of the l_esistojet -_ttitude Control System, Model I, a voltage of I volt and

current of i0 an_peres is required for heating the resistoje_. To convert

-he Z8-vdc supply to this [evelwith a reasonable overall efficiency, the

inverter circuit illustrated in Figure 87 was used. The direct-current

supply was converted to 10-kHz alternating current with a square wave

shape. This alternating-current signal was then tr'_nsforrned to the de-

sired voltage level. The high frequency resulted in a high efficiency and

reduced output transformer size. In Table XIV the measured character-

istics of the resistojet power supply used for the initial test are presented.

The power output as well as the overall efficiency from the system is seen

to be a strong function of load resistance.
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TABLE Xlll

POWER AND TOTAL ENERGY REQUIREMENTS FOR A TEN HOUR

SINGLE AXIS TEST OF THE RESISTOJET ATTITUDE CONTROL SYSTEM

A. Peak Cz'rent I_ain from Regulated Power Supplies

Power

Supply Number

1

+Z8vd¢, 2.7

amp,,

2

+Z6vdc, Z. 7

amps

3

-28vdc, 1.0

amps

Power Supplied to

Attitude Control l%esistojete

ScJ_tion Keeping l%emisto3et

Control Logic Package

Sisna_ Condition Package

Pressure Regulating Valve

Mad mum

Current Drawn

(amperes)

Sensor V-xcitation

Control Logic Package

Siena/ Condition Package

0.8

0.8
m

TotAl 1.6

0.16

0.11

O. 30

Total 0.57

0.580

0. 050

0.110

Total 0. 740

Continuous Operation

Supply No. 2

Supply No. 3

Battery Drain for 10-Hour Test Period

O. 270

0. 740
m

Total 1.010

Power = (28) (1.01) = 28.28 (_

Energy = 28Z. 8 (watt-bouts)

Intermittent Operation

Acouisition - It is assumed that 0.5 hours is required for acquisition.

Relistojet Operation t

Power = (0.6) (ZS) = ZI._ (watts)

Energy © (ZZ.4) (0.5) = 11.2 (watt-hours)
i

Control Valve Operaldon I

Power z (0.300) (28) = 8.41(watt,,)

"m_rg'y' ,: (8.4){_.) (0.5) • O. 07 (watt-hour,)
bu

I Tm_l Energy - l 1. $ watt.heurs

limit C},cle Control - It ia aulemmmd that lin_t-cycle control occm:s
ior 9.5 hours with a duty cycle of 5 percent.

_esietojet Oper&tion ]

Energy z (Z2.4) (9.5) (0.05) • 10.6 (w&tt-honrs)

!Control Valve Operation

_nergy • (8.4) (_(9.5) (0.05) • 0.07 (watt-hours)

I Total _'nergy • 10.7 watt-ho-ums

Total Battery Drain = 516 watt-hours

1

Power

l_quired

_J_torzxbtte-,t

C ontin,,ous

Continuous

Intermittent

Continuous

Continuous

Continuous
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TABLE XlV

OUTPUT CHARACTERISTICS OF THE HEATER

POWER SUPPLY FOR RESISTOJET ATTITUDE
CONTROL SYSTEM - MODEL 1

Lead Resistance
Ohms

O. 052

O. 104 I

0. Z15 I
I

RMS

Voltage

0.40

0.76

].Z7

Power (watts)
OutputInput

11.60

11.48 I

t 8.40 I
i 1

Efficiency

3.08 24.4

J 48.45.55

7.50 I 89.3
i

The power supph" described above for the two attitude control resistojet

thrustors is physically located in the Control Logic Test Package described

previously:.

Z. Power Supply for the Station-Keeping Resisto_et Thrustor

The circuit schematic of the station-keeping resistojet heater power supply
is shov_ in Figure 88. Operation of *.he power supply is identical to that

used with the attitude control resiftojet heaters except that the operating

signal is derived from "ground" command through telemetry rather than

from the attitude control logic system. The station-keeping power supply

is physically located in the Signal Condition/ng Test Package.

3. 5i_na] Conditionin£ Power Supply Circuitry

The signal conditioning power supply provides regulated voltages necessary
for the signal conditioning circuits for the various transducers and for the

transducers themselves. This system converts + Z8 VDC to regulated + 15
VDC amd - 28 VDC to - 15 VDC. The - 15 VDC if further a_tenuated by re-

sistive divider networks to the - 7 VDC, - 5 %rDC, and - 4 %"DC levels

necessary to power the transducers. This power supply is located in the

Signal Conditioning Test Package.

D. RESISTO3ET ENGINE SYSTEM

A flow diagram of the resistojet engine system is given in Figure 89; also
shown in Table XV are the manufacture and model number of the major

components. As indicated previously, three identical resistojets will be
used for the test, two for attitude control (clockwise and counterclockwise

rotation of the table in the horizontal plane) and one for station keeping.
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1. Resisto_et Assembly

Referring to Figure 89 each of the three resistojet assemblies consists of

a control valve for pulsing the ammonia flow, a pressure transducer, a

resistojet heater element and exit nozzle, and a photocell for resistojet

temperature measurement.

A resistojet assembly drawing is presented in Figure 10 and a photograph

of the resistojet engine is shown in Figure I I.

Re/erring to Figure i0, the volume between the propellant control valve and

the heater element has been held to a minimum to increase the transient

response of the resistojet. The propellant valve, pressure transducer,

and heater tube are all connected to the main thrustor body. The heater

element is surrounded by a concentric heater support, The heater support

serves to provide a stable surface to which the resistojet leads at the end

of the nozzle can be connected, and also serves the protect the relatively

fragile heater tube against misalignment. The support tube is electrically

insulated from the main thrustor body by a ceramic insulator. One electrical

connection can thus be made to the heater support tube and the other to the

main thrustor body.

The Eckel solenoid valve weighs only 0. 017 pound and requires only 1.92

watts (O. 08 ampere at 24 vdc) input power. The leakage rate of the valves

as received is being measured using a helium leak detector. The leakage

rate of the two valves which have been delivered is quite low with a typical

value being Z. 0 x l0 "5 cm3/hr for a 3.=-psi pressure differential across the

valve, l_'or comparison, a leakage of i gram of ammonia over a three year

period is equivalent to ]. 75 x 10 -4 cm 3 /hr.

A photo-diode is used to monitor the resistojet heater element temperature.

Figure 90 shows a plot of detector response at a fixed bias voltage as a

function of distance from the thrustor. The heater element is observed by

the photo-diode through a 3/16-inch hole located in the heater support.

2.. Ammonia Supply System

The ammonia supply system is illustrated in Figure 9 I; a photograph of the

complete assembly is shown in Figure 9Z. The supply system which was

mounted beneath the NASA Lewis test bed, consists of a liquid ammonia tank

and a gas reservoir is controlled by means of a pressare switch and solenoid

operated valve.

The ammonia liquid storage tank, which has a volume of 775 ml, has an

ammonia capacity of about 1 pound of liquid ammonia at 70 ° F. Continuous

operation of a resistojet engine for 10 hours at a nominal flow rate of
5 x 10" lb/sec consumes only 0. 18 pound of fuel so that the storage tank
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provides a more than ample fuel reserve for the single axis test. The gas

reservoir volume of 775 ml miniznizes the number of cycles of operation

required of the pressure switch and solenoid valve. For example, assuming

the pressure switch operates between 24 and Z6 psia, the resistojet engine

can be pulsed about 15 times (4-second pulse) before the pressure drops

from 26 to 24 psia, and the pressure regulatin S switch and valve operate.

Both the liquid and gas storage tanks have a combination pressure relief

and venting valve; the liquid ammonia storage tank has a check valve for

ease in tank charging. The stainless-steel tubing between the ammonia gas

reservoir and the filter flowmeter assembly is 1/8 inch in diameter.

The iilter-flowmeter assembly is illustrated in Figure 0,3. The filter, a

sintered stainless-steel plug, is located upstream of the ilowrneter to pre-

vent plugging ol the system downstream of this point. The fil£er will stop

any particulates with a size iar@er than about I0 microns.

The flowrneter consists of a 10-nil diameter, sharp-edged orifice located

immediately downstream of the fi/ter. The pressure drop is measured
with a differential pressure transducer. The orifice size has been selected

so that the pressure drop across the orifice is 8rnA]/; e.g., 0 to I pain,

relative to the plenum pressure, anti so that the ammonia flow is choked

across the exit nozzle rather th_n across the orifice. A thermistor is

located immediately upstream of the flow orifice in order to measure the

ammonia inlet temperature.

E. SIGNAl. CCNDITIONLNG PACKAGE

The signal conditioner test package is connected to the NASA telemetry package.

Both the signal conditioner test package and the I_ASA telemetry package are

located on the air bearing test bed. The NASA telemetry package, which is
located on the test bed, receives command signals from a transmitter and

transmits data signals from test bed to a receiver. Both the command trans-

mitter and signal receiver are located away from the proximity of the test

tank. In this manner, aotauLl space-flight test c,Jnditions are thus simulated

as closely as possible in the laboratory.

For convenience the power conditioning unit for the station-keeping resisto-

jet thruster has been included in the signal conditioning test package.
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1. Telemetry Command Channels

Eight telemetry command on-off channels will be used for the signal axis

resistojet attitude control system test. When a command channel on-off

switch is turned on at the telemetry transmitter console (locAted outside

the tank) a signal is transmitted to the test bed telemetry receiver. The

test bed receiver passes this signal to the signal conditioner test package

to which it is connected. The test bed receiver delivers 24-volt on-off

command signals to the signal test package.

The functions of the eight individual on-off command channels are indicated

in Table XVI.

TABLE XVI

COMMAND CONTROL CHANNELS FOR THE RE.SlSTOJET SINGLE AXIS TEST

Command Channel l (4):::

Command Channel Z (5)

Command Channel 3 (1)

Command Channel 4 (2)

Command Channel 5 (7)

Command Channel 6 (8)

Ccn_naand Channel 7 (6)

Command Channel 8 (5)

Table Power On

Table Power Off

Table Clockwise Slew

Table Counterclockwise Slew

Station Eeepimg Thrustor On

Station }Ceeping Thrustor Off

Close Three Propellant Valves

Table on Automatic Control

*Actual pin numbers in plug number 206

J-1DDb0S are indicated in paran_heses.

The clockwise slew (channel 3), counterclockwise slew (channel 4), the close

three propellant valves (channel 7) and $able on autoxnatic control (channel

8) are interconnected and operate in the following fashion:

-160-



The clockwise (channel 3) and counterclockwise (channel 4) slew commands

remove the optical sensor and preamp from the control logic circuit and

replace the preamplifier output with a I. S-volt or a - I. 5-volt signal depend-

ing on the desired direction ol rotation.

The automatic control command (channel 8) connects the optical sensor and

preamp to the logic circuitry and applies power to the valve solenoid and

resistojet heater control portion of the control logic circuit. The table

power on-off commands (channels l and Z) operate a latching relay which

controls all table power.

The station keeping thrustor on-off commands (channels 5 and 6) operate

a latching relay which provides a voltage sufficient to start the stop the
thrustor operation.

Z. Telemetry Data Transmission Channels

The on-board telemetry transmitter provides nine continuous telemetry

c:lannei_. The inpu= =o one of the c_n_inuous cnan_ei_ i_ a 43-channe£

commutator manufactured by Fifth Dimension, Inc. and supplied by

.'C__.SALe_vis. The corru'r.utator sends a signal from each of its 43 inpu=

channels every. I/Z second; thus, the commutator permits sampling of each

of the input signals at I/Z-second intervals.

During the initial resistojet single-a_-is attitude control system, test use

was made of seven continuous channels and 13 intermittent on commutated

channels. The signals passing into the cornmutated channels, as indicated

above, will be sampled every 1/Z second.

._-basic instrumentation diagram has been shown in Figure 89, and a list

of the telemetry data transmission channels is presented in Table X'v'l.

As indicated in Table XV!I, all the signals received at the laboratory tele-

rnetr$ r receiver are recorded on tape (T). Some of the signals can also be

immediately read out on a panel meter (bl), or on a pen recorder (R) for

possible d/agnostics during a test.

The seven continuous (C) channels are used to measure the following

quantities: 1 - the sensor preamplifier output indicating the test bed position

(fine control); Z - the control logic output indicating _he test bed total error;

3, 4 - the valve acttmtion signals for the attitude control engines; 5, 6 - the

nozzle box pressure for the attitude control engines.
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The 13 intermittent channels are used to measure the following quantities:

9 - ammonia liquid reservoir pressure; 10, 11 - ammonia gas plenum

pressure and temperature; ammonia line temperature 16 - nozzle box

pressure for the station keeping thrustor; 17, 18, 19 - heater temperature

for the resistojet engines; Z0 - the sensor preamplifier output indicating

the test bed position (coarse control); Z 1 - valve actuation signal for the

station keeping thrustor; ZZ, 23, 24 - heater voltages for the three resisto-

jet engines.

Signal con(Litioning circuitry is provided to convert the transducer, position

sensor and rate sensor signals into voltage signals in the 0° to 5-volt range

suitable for transm.ission by the test bed telemetry package. Five voltage

dividers are used to provide the 0- to 5-volt actuation signals from the

three solenoid valves and the coarse (1) and the flue (1) position sensors.

Three alternating-current amplifiers are provided to amplify the heater

voltage signals, and finally IZ dJ.rect-current amplifiers are provided to

amplify the engine pressure transducer signals (3), the engine temperature

sensor signals (3), the engine line temperature sensor signals (1), the

_n_ine fl, o,.v ,- ,.m.e sensor s!_r.als (I), the an,_-nonia liquid st.,ora_e pressure

sensor (1), the ammonia gas pressure and temperature sensors (_.), and

the total table error signal (I).

A photograph of the signal conditioner test package is shown in Figure 94.

3. Checkout Console

A check-out console has been designed and built to provide a means for

determining whether or not the control logic and instrumentation electronic

circuitry is functioning properly before the attitude control system is placed

on the air bearing in the test tank.

F. EVALUATIOiN OF THE .%_ODEL I SINGLE-A.XlS RESISTOJET ACS

i. Chronological Summary of System Tests

The Resistojet System - ,_v_odel I was delivered to NASA Lewis on 4 March

1965. The system electrical checkouts were carried out on 17 and 18

l%4arch 1965. A summary of the four single-axis resistojet ACS tests

completed during March and April 1965 is shown in Table XVlII. in all of

the tests described in Table XUTTT the resistojet ACS held the position

of the test bed to ± 0.5 degree for extended periods o! time, and with

reasonable propellant consumption.
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TABLE XVIII

SUMMARY OF SINGLE-AXIS RESISTOJET ACS

TESTS AT NASA, LEWIS (MARCH-APRIL, 1965)

Run

No. Date

March Z5-Z6

April I-Z

April IZ- 13

April gZ

Comment

(i) System Controlled

(ii) RF Iuter_erence

(iii) Valve Cha_er

(i) System Controlled

(ii) Valve Chatter (Inner and
Outer Lines)

(i) System Controlled

(if) Valve Chatter (inner and

Outer Lines)

(i) System Controlled

[ii) Valve Chatter (Outer

Lines)

Z. Sensor Calibration

Figures 95 through 98 present the sensor calibration curves. Figure 95

shows vehicle position,_, versus output signal voltage; Figures 96 and 97

show nozzle box pressure versus output signal voltage for, respectively,

the clockwise and counterclock_vise thrustors; finally, Figure 98 shows

pressure-normalized orifice mass flow rate versus output signal voltage.

Typical outputs from the continuous telemetry channels are shown in

Figures 99 through 102. Results are presented il!ustra_ing the acquisition

mode (Figure 99) and both hard (Figure I00) and soft (Figure I01 and

Figure 10Z) cycle operation. Data are presented for seven continuous tele-

metry channels. Channel 1 presents vehicle .l_osition 0 (t), and Channel Z
shows vehicle total error, Z (t)= 8(t) + (_(t) _ 8(t)). Channels 3 and 5

show nozzle box pressure, respectively, for the counterclockwise (CCW')

and clockwise (CW) thrustors, while Channels 4 and 6 show the nozzle valve

actuation signals. Finally, Channel 7 is the pressure drop across the
differential orifice.

3. Thrustor Performance Characteristics

The thrustor design has been shown in Figure 10; the heater element-

nozzle combination is removable and can be replaced by other heaters.
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Table XIX shows the nominal characteristics of the heater element-nozzle

combinations used in the NASA Lewis tests. It is stressed that it is a

simple matter to interchange the heater-nozzle elements.

TABLE XIX

SUMMARY OF PERFORMANCE CHARACTERISTICS OF HEATER-NOZZLE ELEMENTS USED

IN INITIAL RESISTOJET ACS TESTS AT NASA-LEWIS

Engine Description

De signation

T able Motion

Heater Element Length,

inches

Heater Element, OD inches

Heater Element, ID inches

Nozzle Throat Diameter, inches

Heater Material

Heater Resistance (Cold),

ohms

Nominal Performance

6 -A ? -A

Clockwise Counter-Clockwise

i. Z5 1.25

0.0ZZ 0. 024

0.013 0.013

0. 006 0. 006

k4 olybdenurn h4olybdenu."n

0. 036 0. 028

Chamber Pressure, psia 14

Thrust Level, _ lbs 360

Cold Flow, _ lbs/sec 4.3

Power Input, watts lO

Heater P,esistance (Hot), ohms 0. II

Heater Current, amperes 9.5

Hea:er \'ol_.a_e, volts 1.05

Hot FIc_' Kate, #Ibs/sec Z. 4

Cold Specific Impulse, sec 84

Hot Specific Impulse, sec 150

14

300

3.6

I0

0.1Z

9.1

1.]

Z.0

84

150

4. Calibration of the Air Bearing

The disturbance torque, TD', on the air bearing can be varied both in magni-

tude and direction by changing the bearing pressure and bearing angular

position. The input disturbance torque, rr_", can be estimated from

observations on changes in the table angular rate, A6 D, during a fixed time

period, AtD when no other disturbances are acting on the table. The dis-

turbance _rque is given by

'6 " J _ _D/'%'D (63)
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wi_ere , _D (lb-fL or 1 lb-ft = 1.36 x 10 7 dyne-cm), is th_ disturbance

lorque, J (Ib-ft-s_c 2) is ti_e table moment of inertia, \r) D (rad/s_c) _ thu

change in vehicle angular rate over the time period, \el) (seconds).

Referring to Figure [0! the change in vehicle rate, \,i , between pulses is

about 1.8 x L0-4 rad/s¢c, the time, %tD, over which the rate change occurs
is about 65 sec, and the table inertia is Z7 Ib-ft/s_c 7_, the disturbance

torque for this test condition, i.e., air bearing pressure of 45 psia, is thus

about 75 x I0 "6 Ib-ft or about I000 dyne-cm.

The control torque is given by

% j .\_/\_ (64)

where :c (Ib-ft) is the control torque, and \_Jc is the change in vehicle

angular rate over the period, _tc ' that the control torque is applied.

The control thr_tst [s zi, en by

T¢ :c !

where L(It) is the %hrustor moment arm.

(65)

For soft cycle operation the control torque is given by

,/r D _ %CD"%¢c
(66)

or

:c - :D \CD \tc

5. Criteria for Soft and Hard Limit-C}'cle O_e..'ation

(67)

For a fixed disturbance torque _oft cycle operation is always obtained if _h_

control impulse bit is less than a value given by

where, _Jc (radiaxts) is the control angle and the other quantities have been

described previously. For example, at an input disturbance torque, rD ,

o{ I000 dyne-cm, a vehicle moment of inertia, J , of 27-1b-ft-sec 2, a

moment arm, l , of Z feet, and a control angle, 8¢ , of 0.70 degree (or

3.5 x L0-3 radian), the control impulse bit, Tc_, c )soft' must be less than

Z.64x i0-3 Ib-sec; for a 4 second pulse, (_\_c = % seconds), the thrust level

for soft cycle operation must be less than 0.66 x 10-3 ib (660 micropo _nds).
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For a fixed disturbance torque hard cycle operation is always obtained if

the control impulse bit is greater than a value given by

T c At¢)h_ d > 4 _/rD 0¢ J/i"
(69)

For the conditions cited in the previous example of the control impulse bit

must be greater than 5.28 x 10-3 Ib-sec for hard cycle operation, and for

a 4-second pulse the thrust level for hard cycle operation must be greater

than I. 32 x 1"0-3 lb.

It follows from equation (69) that for a fixed impulse bit, T_ At , soft cycle

operation is obtained for disturbance torques greater than a value g_ven by

'D;sott _ _c_tc )2 12/4 % j (70)

Hard cycle operation is obtained for disturbance torques less than a value

given by

rD)lmrd < Tc .Ate) 2 12/16_ c J (71)

To illustrate, for a thrust level, T c , of 300 micropounds, an impulse bit

length, A: c , of 4 seconds, a vehicle moment of inertia of 27 lb-secZft,

moment arm, I, of 2 feet, and a controlangle of 0.2 degree, soft cycle

operation will occur at disturbance torques greater than 200 dyne-cm; and

hard cycle operation at disturbance torques less than 50 dyne-cm. Either

soft, hard, or a combination of soft and hard limit cycles can occur between

these two lirnitin_ torque values. Analog computer solutions for this

situation are presented in Appendix I=.

6. Table Acquisition

Figure 99 shows a portion of the sensor traces obtained during Test Run

No. l_.

An externa/ 25-second clockwise slew command, indicated by the voltage

signals on channels 5, 6, and 7 was transmitted to the table. The clock-

wise thrustor was operating at a nozzle box pressure (channel 5) of about

15. 5 psia, and a nominal thrust level of about 400 micropounds. Following

the clockwise slew command the table was put on automatic control.

" The noise on the position trace, i.e., channel 1, was associated with an rf interference problem and ,_'as eliminated in

l_tc.r run_. The _'nh'¢ chaucr problem, af re_ --onsiderabl¢ investigation, has been clearly identified with *.eat rank

vibration, which, in turn results in lisht source vibration. SOme success, e._., Fi_e |01 r, as been obtained in reducin_
valve chatter by stren_tbenin_ the liSht source mount ancl decreasin s control circuit senshivity; however, the p.'oblem
is not ye_ completely resolved.
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As indicated in the trace of table position (channel 1) the table initia//7

moved in the clockwise direction until it saturated the position sensor.

The sensor saturates at about _- l. 5 degrees; however, the system will

still acquire out to about ± 8 degrees. After the table control system was

placed on "automatic control" the counterclockwise thrustor was activated

and the table was decelerated in the counterclockwise direction. _:-"

Following activation of both the clockwise and counterclockwise thrustors

the system passed into a soft limit cycle. In this soft cycle the counter-

clock'wise disturbance torque of about I000 dyne-era (or 0. 735 x 10-4 ib-ft)

was counterbalanced by the control torque of 8 x I0 -4 Ib-ft (400 micro-

pounds thrust at a Z-foot moment arm). The control impulse bit time,

Acc, was 4 seconds, compared to the cycle time, Ac D of about 50 seconds.

The estimated duty cycle, i.e., rD/, c , is equal to about 0.09 compared to

a measured duty cycle, i.e., _c/_D, equal to about 0.08.

7. Hard Limi=-C},cle Operation

Figure [00 _hows a typical series of sensor traces obtained durin_ Test

Run No. i and is illustrative of hard li.nn/t cycle operation. The nozzle

box pressure was 3?_.5 psia and the corresponding thrust level was S00

micropounds. The table counterclockwise disturbance torque, :D ' was

estimated to be about I000 dyne-cm. The engine thrust level was thus

sufficient to result in hard ]/m/t-cycle operation.

At the beginnin@ of the control cycle the table was moving in a counter-

clockwise direction. As the table traveled passed the 0.70-degree inner

control line the clockwise thrustor was activated and the direction of the

table was reversed. The clockwise thrustor moved the table to the opposite

control line, the counterclockwise thrustor was activated and the cycle was

repeated.

As indicated previously the counterclockwise thrustor for Test Run No. 1

was clogged and in this case _t a cha_. bet pressure of 32.5 psia the :hru_t

level was reduced to about g00 rnicropounds from its nominal value oi

_00 micropounds (at 3Z. 5 psia). Nevertheless, as shown in Figure 100,

the system still con=rolled.

8. Soft Limit-Cycle Operation

Figure I01 shows typical soft limit-cycle obtained during Test ._un No.

The nozzle box pressure has been reduced to about 15 psia and the re-

sulting engine thrust is about %00 micropounds. At the 1000-dyne-cm

I,

Due co li_ blocka_e the couneerclockwiae duuscor ptoduqed oaiy about I00 mictopo.nds or about 15 perc¢,,_ ot ic.q full

thrust capability "_.s a result the clockwise :hrua¢ :ime _c , necessary to reacquire the tabte was conside_ab|.v ion_;er• . . • , t c
than the ortsmai commaad dsstutbance pulse.
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counterclockwise disturbance torque level characteristic of Test Run No.

1 this thrust level is low enough to assure soft limit-cycle operation.

Referring to Figure 102 the clockwise control thrust is just sufficient to

overcome the counterclockwise disturbance torque.

Figure 102 shows a typical soft limit cycle obtained during Test Rum No.

3. To eliminate valve chatter the sensitivity of the control logic system

was decreased by moving the control lines out to :_ 0.4 degree and the

outer lines were moved'out to "_ 0.6 degree; further, the light source vibra-

tions were reduced by strengthening the optical source mount. As indi-

cated in Figure 102, these changes reduced the valve chatter problem.

During this portion of the test run the bearing pressure was at about 34

psia and the disturbance torque level was about 200 dy'ne-cm im the clock-

wise direction. It is noted that the disturbance torque level is quite sensi-

tive to bearing pressure. During Test Run No. l, the bearing pressure

was about 45 psia and the disturbance torque level was about 1000 dyne-

crn in the counterclock'_'ise direction.

Other examples of hard and soft limit-cycle o_eration for the single-

axis resistojet ACS, obtained on the impulse Table are presented in

Appendix F.

G. MODEL 1_ ST_I_GLE°A_ I_ESISTOYET ACS

• As indicated, the primary objective underlying the initial single-axis resisto-

jet attitude control system test has been to demonstrate the feasibility of apply-

'ing the resistojet concept to the attitude control and station keeping of satel-

lites. During the course of development, construction, and operation of the

lViodel I ACS a number of modifications which would make the Model I more

suitable for test purposes apparent. The changes _hich have been incorporated

into the Model _/ l_esistojet ACS are indicated below:

i. The heater power supply has been modified to permit variation of the

input power to the individual AC$ engines over the range from 5 to 35

watts. The engine input power in the Model I ACS was uniquely £ixed by

the lead resistance and for a hot engine resistance of about 0.10 ohm was

about 5 watts. (See Reference 1, Table ZX). The power supply has been

further modified to permit one power level during the warmup period, and

another during actual gas ejectio-% The heater _armup and operational

power levels are varied by two separate potentiomet-.rs with screwdriver

adjustment slots.

2. The control logic circuit has been adjusted so that the heater warmup

time defined as the time period between power-on time and propetlant on-
time) can be varied from I to 10 seconds in 1-second increments. The

heatup time pulse is adjusted by a 10-position selector switch.
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3. The control logic circuit has been further adjusted so that the fixed

inner pulse width can be varied from 1 to 10 seconds in 1 -second incre-

ments. The inner pulse width is adjusted by means of a 10-position selec-

tor switch. The length of the heatup time and the inner pulse width can

be varied independently of each other and offer I00 different combinations

of heatup ti.,ne and inner pulse width.

4. The hysteresis o£ the Schmit_ triggers will be preset at 40 percent.

5. A manually adjustable pressure regulator will be placed on the gas

reservoir tank so that the engine pressure can be varied over the range

from I to 30 psia. This will make it possible to obtain over an order of

magnitude range in resistojet thrust level.

6. Provision has been made to _neasure the time rms voltage and rrns

current across the clock-&'ise and counterclockv,,ise _.hrustors. Thi_ "_vill

permit a direct estimate of the "true" power into the individual engines;

_.his measurement is not possible with the .'_[odel I system. To review

brieil_,, the power conditioning equipment inverts the ba_e_'y supply dc

power into 10,000 Mz alternating current; the high frequency results in

a 1,/gh ef_.ciency and reduced output transformer size. Since the engine is

supplied with high frequency ac power it is necessary to rneasuze the rms

voltage and current. The dc voltage and direct current into the power

conditioner will also be measured which will permit determination of the

overall efficiency of the power conditioner.

7. The light sensor electronics will be modified to permit acquisition and

a linear sensor output for an_les up to - 8 degrees.

8. The commutator channel assignments have been changed and are
_u_nmarized in Table XX. All unused channels have been made available

through an additional connector mounted on top of the signa/-conditioning

package. The outputs from the signal-cond/tioning amplifiers have been

wired to test points mounted on the top of the unit.

The Nlodel I/ resistojet ACS provides a flexible tool for characterizing the

performance of low-power resistojet systems over a wide range o£

operating conditions.
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TABLE XX

TELEMETRY DATA CHANNEL LIST (COMMUTATOR CHANNELS) FOR

Channel

Number

I

2

3

4

5

6

7

8

9

10

ll

12

13

14

15

16

17

18

MODEL II RESlSTOJET ACS

h_odel I

Calibrated Voltage

Calibrated Voltage

Calibrated Voltage

Position Sensor Coarse

Station Heater Monitor

CCW Heater Monitor

CW Heater Monitor

Station Valve Voltage

Not Used

Not Used

Not Used

Not Used

Not Used

Not Used

Not Used

NASA Telemetry
Channels

NASA Telemetry
Channels

NASA Telemetry
Channels

Model .T/

Calibrated Voltage

Calibrated Voltage

Calibrated Voltage

Position Sensor Coarse

Station Heater Monitor

CCW Heater R]_4S Voltage

CW Heater R1V_S Voltage

Station Valve Voltage

CCW Heater RL_ Current

CW Heater Rh_S Current

Spare Connector No. I.

Spare Connector No. 2

Spare Connector No. 3

Spare Connector No. 4

Spare Connector No. 5

NASA Telemetry
Channeis

I']ASA Telemetry

Channels

NASA Telemetry
Channels
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TABLE XX (Cont'd)

Channel

Number Model I Model //

19

20

Zl

22

23.

24

23

26

27

28

29

30

31

32

33

34

35

36

37

38

39

NASA Telemetr 7

NASA Telemetz 7

NASA Telemetr 7

NASA Telemetr 7

NASA Telemetr 7

NASA Telemetry

NASA T eleme:ry

Ch_rmels

Channels

Chammels

Chamnels

Chmnnels

Channels

C har-u e I s

NASA Telemetry Channels

NASA Telemetr 7 Channels

NASA Telemetr7 Clmnnets

Not Used

Not Used

Station let Temperature

Not Used

Plenum Tank Temperature

Station Line Temperature

Not Used

Not Used

Not Used

Ammonia Tank Pressure

Plenum Tank Pressure

NASA Telemetr7 ChanneLs

NASA TeLemetr7 ChanneLs

NASA TeLemetry Cha_uaeLs

NASA Telemetry Channels

NASA Telemetry Channels

NASA Telemetry Channels

_ASA Telemetry Channels

NASA Telemetr_/ Channels

NASA Telemetry Channels

NASA Telemetry Channels

Spare Connector No. 6

Spare Connector No. 7

Station Jet TemperaCure

Spare Connector _o. 8

Plenum Tank Temperature

Station Line Temperature

Spare Connector No. 9

Spare Connector No. 10

Spare Connector No. Ii

Ammonia Tank Pressure

Plenum Tank Pressure
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TABLE XX (Concl'd)

Channel

Number Model I Model ZI

40

41

42

43

Station Nozzle Pres sure

CW Jet Temperature

CCW Jet Temperature

Not Used

Station Nozzle Pressure

CW Jet Temperature

CCW 3et Temperature

Spare Connector No. 12

H. OVERALL OBJECTIVES AND FUTURE DIRECTION OF THE SINGLE-

AXIS ATTITUDE CONTROL SYSTEM EVALUATIOiN TESTS

The objectives of the single-axis attitude control system tests include:

1. Verification of the compatibility of all the ACS components including

the propulsion subsystem, power conditioner, control logic package,

sensors, signal conditioner, and telemetry system.

2. Demonstration of the performar.ce .of the ACS in the acquisition con-

trol mode, and in soft and hard limit control cycles. (The three-axis

air bearing and the single-axis in'_pulse table n',ake it possible to observe

ACS operation as a function of disturbance torque, r , acquisition angle,

8 i , and initial rate of angular acqu/sition, _i • ) D

3. Confirn%ztSon of the validi%" of the analo_ computer soh_tions pertinent

to the performance of the ACS control logic syster_. (See Appendix E. )

4. Comparison of the performance, i.e., total impulse, fuel consumption

and reliability, of different types of attitude control systems as a function

of disturbance torque, acquisition angle, and angular acquisition rate.

5. Establishment of a technological base for the development of three-

axis attitude control systems.

The future direction for the single axis tests includes the following:

a. Performance data, including total impulse requirements, and

fuel consumption, will be obtained for the single axis resistojet attitude

control system as a function of heater input power from 0 to 3 5 watts.

and for different propellants. In this manner it will be possible t_

make a quantitative tradeoff between propellant weight and heater

power supply weight.
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b. Performance data will be obtained as a function of the resistojet

attitude control logic parameters including inner q)c ' and outer _c '

the slope of the control logic lines, the Schrnitt trigger hysteresis,

H, and the dist_Arbance torque, rD . This data will be compared to

similar data obtained from the analog computer. (See Appendix E. )

Assuming that the air-bearing test data correlate with the analog

computer results, the analog computer can then be used to obtain

system performance data over a much wider range of input variables

than would be feasibile (due to time and cost considerations) on the

single-axis air bearing.

c. Exploratory studies will be carried out on the feasibility of

charging the on-board battery power supply with solar voltaic cells.

This would make it possible to perform extended system lifetests,

and, further, to checkout the compat"lbility of the solar cell power

supply and battery charging system with the other subsystem compo-

nents.
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IV. THREE-AXIS ATTITUDE CONTROL AND

STATION KEEPING SYSTEM

As part of the present program, a study has been carried out on the applica-

tion of 5- to 50-watt resistojets to the attitude control and station keeping of

satellites in the 500- to 1000-pound class. A preliminary development pro-

gram and system weight breakdown have been prepared and are presented
below.

Ae PRE_AR.Y PROGRAM PLAN FOR THE DEVELOPMENT OF A

FLYABLE THREE-AXIS RESISTO/ET ACS AND STATION-KEEPING
SYSTEM

The six basic subsystems for a flyable three-axis resistojet attitude control

and station-keeping system are indicated in Table XXI. The subsystems are,

of course, the same as those for the laboratory single-axis systems described

in the previous section; however, in _.hiscase, the hardware must all eventu-

ally be flight-qualified.

TABLE XXI
ii

BASIC SUBSYSTEMS FOR A FLYABLE

3-AXIS ATTITUDE CONTROL AND

STATION-KEEPING SYSTEM

I Propulsion

Control Logic
J

Power St_pply and Power

C onditioning

Sensors

Signal Conditioning

Telemetry

1. The propulsion subsystem consists of the thrustGrs and propellant

storage and feed system. The propulsion performance, i.s., thrust

level, specific impulse, and overall electric to thrust power efficiency,
of the individua/ thrustors will be measured on the wire-in-tension thrust

stand and the impu/se table at pressure levels of less than 10 -3 tort.

Ammonia is a prime contender as a possible resistojet working flu/d be-

cause of its low storage pressure and resultin 8 low tank weight. Potential
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problems of O-g feed for liquid ammonia systems, the determination of

reliable space-qualified techniques for regulation of the ammonia storage

pressure (order of I00 psia) to the operating nozzle box pressure (order

of 10 psia) and the establishment of valve reliability are under study.

2. The control logic system will be developed using an existing analog

computer. Results obtained from the analog computer for a single-axis

system have been presented in Appendix E. Due to uncertainties in the

level of applied disturbance torque characteristic of the space environment,

adaptive control system will be used to minimize fuel consumption and the

total number of valve cycles. Briefly, the adaptive control system will

vary the length of the impulse bit to assure soft limit cycle operation

independent of the applied disturbance torque. Prelin%inary studies of a

possible adaptive control system suitable for a low thrust ACS are pre-

sented in Appendix G.

3. Referring to Figure 103, the power supply and poxx,er conditioning

subsystem _vill consist of a solar cell array, battery charging equipment,

battery pack, power conditioning for the: (a) propulsion system (including

the resistojet heaters); (b) control logic package; (c) signal conditioner

package; (d) sensors ; and (e) telemetry package. The low-power, fast

heat-up resistojet presents a power-conditioning problem because of the

low resistance (--0.10 ohm) and voltage requirement (--1 volt) of the

heater elements. In the present single-axis tests, the battery voltage was

inverted to 1 kilocycle alternating current and stepped down from 24 volts

to 1 volt using a torroidal transformer. The power supply and power con-

ditioning subsystem will be initially bench-tested before being integrated

with the other subsystem components.

4. Sensors for the three-axis system willbe selected either by or in con-

junction with NASA Le_vis. The sensors xri!l be representative of the pre-

sent state of the art.

5. As in the case of the present single-axis system the signal conditioning

_ackage will be compatible with NASA Lewis supplied telemetry equipment.

6. Again, as in the case of the present single-axis tests, the telemetry

package will be supplied by NASA Lewis.

7. All the subsystems will be individually bench-tested. Total system

periormance will be evaluated on the three-axis air bearing at _1ASA Lewis.

These tests will permit a compatibility checkout of the individual resistojet

ACS subsystems. The three-axis system compatibility checkout will be

analogous to the work currently being carried out on the single-axis tests,

which has been described in the previous section. Further, as indicated

previously for the single-axis tests, it may also be possible to include an

on-board solar array for battery cha:ging, and thus permit extended li£e

tests.

-186-



i

REACTIONSYSTEM

SOLAR
PANEL
ARRAY

65-8187

fill

SOLARpowERARRAY H,'CONDITIONING

BA TTERY

-_,,, SENSORS i

CONTROL ILOGIC
I

i

]CONDITIONER

TELEMETRY [

Figure t03 POWER SUPPLY AND POWER CONDITIONING SUBSYSTEM

-187-



8. Some subsystems compatibility testing of the type described in

Appendix F can also be carried out on the Impulse Table. Finally, Appendix

H presents a brief description of the Avco/SSD Astrolab, which is presently

being installed, and is designed for evaluation of ACS subsystem com-

patibility, with particular emphasis on sensor performance.

B. WEIGHT ESTIM.ATES FOR A FLYABLE ORBIT AND ATTITUDE CONTROL

SYSTEM

Preliminary weight estimates of the attitude control and station keeping system

for a 500-pound satellite similar to that described in the first quarterly report

are presented below.

These estimates are being continually revised and performed for a variety" of

missions. The present calculations are for a synchronous satellite.

1. .Weight of Resistoiet !mower-Conditionin-_ Ecuipment

A schematic of the power-conditioning circuit is presented in Figure 104.

The electric input power which can originate either from a battery pack

or directly _ronn solar panels is inverted from direct current to 1000

Hz alternating current by means of an oscillator and amplifier. The

amplifier is, in turn, connected to the primary winding of a tr•_former,

which steps down the amplifier output voltage (order of I volt). To avoid

line I2R losses • separate voltage stepdown transformer will be located

at each resistojet. The resistojet heater element can thus be directly

coupled to the secondary of the transformer with negligible line losses.

Table XXII presents estimated values of the weight of 24-volt to l-volt

stepdown trans£orrners £or operation at I000 Hz. These figures are not

to be taken as definitive and work is proceeding in this area.

TABLE XXII

ESTIMATED WEIGHTS FOR

THE RESISTOJET VOLTAGE

STEP-DOWN TRANSFORMER

Power

Input

(watt,)

5

Z5

100

Trans former

Weight

(pounds)

0.20

0.50

1.00

-188-



BATTERY

l
Ipc, _A_,DIOSC'LLATOR1] LOW 'CURRENT IAMPLIFIER

AcLtT_A_ 1 _C_!_ES,STO_ET!
HEATER

LOW _ S FOR_"_ERI HIGH -i l
CURRENT_ J CURRENT'

65-8188

Figure I04 SCHEMATIC DIAGRAM OF THE RESISTOJETPOWER CONDITIONING CIRCUIT

-Z89-



It is probable that a single amplifier and oscillator can be used for the

entire system, although this point must be examined further. Estimated
values of the oscillator-amplifier combination are shown in Table XXIII

as a function of power level. The weight of the oscillator is, of course,

negligible compared with the amplifier. The specific power values
(lb/watt) tend to be srrmller at the higher power inputs. Again the values

presented in Table XXI_ are preliminary and still being examined.

TABLE XXIII

ESTIMATED WEIGHT FOR TIIE

OSCILLATOR AMPLIFIER
PACKAGE

iD ox_,e r

Input

(watts)

5

25

100

Oscillator-Amplifier

Package

(pounds)

0.40

1.25

3.00

2. Weight of Resistojet Engine

The weight of the resistojet engine heater, structure, and solenoid valve
is O.04 ibs.

3. Resisto_et Engine Perforrnance

For the present exercise the performance of the resistojet will be assumed

to be 400-micropound thrust, at 15 watts input power, and 175 seconds

specific impulse. The valves require 2 watts of power to operate. The

overall eHiciency of the power conditioning system, defined as the ratio

of transformer power output to amplifier,power input will be assumed to be

equal to 70 percent. The required power input is then about 25 watts to
operate both the engine heater and the valve.

4. Miss ion As surnptions

The basic mission assumptions are shown in Table XXIV.
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TABLE XXlV

BASIC ASSUMPTIONS FOR THE SYNCHRONOUS
SATELLITE MISSION

Disturbance Torque

Limit Cycle

Mil=ioa Time

Attitude Control In_lmalse

1t_izenwnU

Station Keep_ XmpuA=e

Requirements

Total hmpu_e RequiremenU

500 dyne-cm

So_

3 years

5Z651b-se¢

79201b-ee¢

13.1851bosec

S. System Weight Comt:_rison

Assvznin_ that 400-micropound thrust is the m&xim_ which can be tolerated

by _e _pacecraft, T_ble XXV _resents a weight comparison bee-ween a
cold arnm_om_ system operated aC a specific impulse of 65 seconds and a

hot system opera;ed at a soecific impulse of [75 seconds. The ammonia

propellant feed an_ storage system is assurneci co be equal to 0. IG percent

of the propellant weight. Each system is assumed to have IZ engines. The

spe¢i/i_ weight of the sola.rpower supply is assumed to be 0.25 Ib/wLt_.

TABLE XXV

WEIGHT COMPARISON BETWEEN A COLD AND HOT

AMMONIA ATTITUDE CONTROL AND STATION-KEEPING SYSTEM,
SYNCHRONOUS SATELLITE

Item Cold Ho_

Engine - Valves (13)

Ammonia PropelLant

Tankase

Solar Power Supply

Os ciila_or-Ampii/ter

Step-Down Transformer (1Z)

Control Losic Package

Total System

O. 5 [bs

ZOO. 0

ZO. 0

O.B

1.5

ZZZ. 8

0. 50 [bs

75.0

7.5

6.3

1.3

5.0

l.S

97. I
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Referring to Table XXV, it is noted that the hot enginc systen_ offers

nearly a 130-pound weight advantage over the cold system.
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V. DIRECTIONS FOR FUTURE RESEARCH AND DEVELOPMENT

.%. RESISTOJET THRUSTOR DEVELOPMENT

1. Systematic experimental studies should be continued on the effort of

the length and diameter of fast heat-up heaters on the mean heat-transfer

coefficient and the efficiency of energy conversion from electric input

power to gas power. The experiznental study should include measure-

merit of the heat-up time and heater resistance as a function of tempera-

ture and geometry.

Z. Exploratory and comparative studies should be carried out on other

resistojet concepts and on the use of propellants other than arnn%onia for

application to a variety of ACS thrust and duty cycle regimes.

B. SLWGLE- AXIS ACS

Co

ACS

I. Evaluation of _ne resistojet ACS .'vlodei I and ACS _[odel II should be

continued on either an air-bearing or single-axis table. Performance of

the systems should be studied as a function of acquisition angle, _iai:ial'

acquisition rate. Jinicial ', disturbance torque, "D ' and control system time

constants. Direct measurements should be made of the fuel requirements

for acquisition and hard and soft lhnit-cycle operation.

2. Conxparilon should be made between the control system performance

obtained experimentally and the results obtained on an analog computer.

DESIGN AND DEVELOPMENT OF A FLYABLE THREE-AXIS PROTOTYPE

AND SK SYSTEM

1. Studies should be initiated on the development of _lighr prototype hard-

ware for the fast heat-up resistojet ACS. Particular emphasis should be

be placed on the determination of the current status of control valves and

regulators for low pressure (order of [ a_rnosphere),low flow race (order

of micropounds per second),ammonia propellant storage and feed systems.
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APPENDIX A

THRUST STAND SYSTEM

In order to measure performance of thrusters operating in the millipound thrust

range in the pulsed mode, the thrust measL_rement system depicted in figure

9 has been employed. Basically, the thrust stand consists of a central hori-on-

tal tin I suspended by fo_ wires in tension from & massive concentric ring.
The thrUStOr and propellant supply are mounted on the central ring, aligned so

thlt the rJ_ust direction is vertical. Application of thrust causes the central

ring to move until the vertical component of the wire tension exactJ.y' balances

the applied thrust, The response _tme o/tl_ thrust stand is related to the nat-

ural frequency of vibration of tbe light central ring, which is in turn controlable
through adjustment of the tension in the supporting wires. The displacement of

the central ring. which is proportional to the applied thrust, is measured by
a linear differential transformer. The massive support ring is suspended on

long, fairly soft springs to provide seismic isolation.

To solve the equation of motion for the thrust stand; the _rust stand is simpliiied

to the case of a string of mass per _nit length, p , under a tension T 0 stretched

between two fixed supports separated by a distance L, and loaded at its center
with a mass M. (See figure AI.) A force (thrust) F is instantaneously applied

at the center X-_-_Land the ensuing motion, for constant force, is governed

by the different_al equation:

+_ = T_ -pS-04s+F) SCx-,_) (A1)

where the thrust is assumed _o be directed in the negative direction (down).

The displacement of each point on the string, y( x.c )0 is fully determined by
the boundary and initialconditions, viz:

y(O,t)= o _(L.t)= o CA2)

8y (_ o) = o y(=, o - v(z) . ("A-3)
o_
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The condi_ons ( A2 ) fix the end points of the string, the first of the conditions

( A3 ) is the sCipulaZion ChaC the string is at rest when the thrust is applied, and

the last condition states that before the thrust is applied the string!s shape is
given by some function v (z).

Betore the application of the thrust, the steady state shape of the string is given

by the solution of equation (A1 }, with F set equal to zero, and with the time de-

pendence removed, i.e.,

air
T ..------ ,oS÷_lr 8(z--_ ; v(O) -v(L) -0 (A4)

A_er the thrust has been applisd, the string will come to rest in a new position,

and its steady stat_ orientaZlon is given by the solution of ( AI ) with the time
dependence removed. ,,-is:

T _ = PS ÷(Ms÷F)8(z-_ ; _(0) -_o(L)-O. (AS)

_tis clear irom the above, tha_ _+hesteady state position o_ the string at a tir_.e

long after the thrust has been applied is given by the solution for the position

found for the time irnmeclia_ely before the thrust has been applied, with the

addition of the thrust force to the gravita_iona_ force, i. e., Mg _ ,_I_ F

Thm so£utlms of eq_ (A4) is siren by

ps
vCz) = --- z(L-z) - --

2T 2T

I

L
Z <_

2

L
_. -z) x>--

2

(A6)

This is plotted in figure A2 for the three cases where the fixed central weight is

respectively much l_eater than, equal to, and much less than the total weight

of the string. It is readil 7 seen that the shape is _t of a parabola, anQ th_ for

the practtca/caeca( MS>>p gL }_he shape approaches that of a triangle.
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The steady state solution of eqmtCion (AS) iS simply

Pg
re(z) o --- z(Loz)

2T

L

L
(L- z) • >--

2

(A7)

and is obtained from the solution of equation (A4) by the replacemen t of MS by

the sum of the "exZermLl" forces. MS + F •

Of greatest interest is the position of the string midpoint. Before the applica-

tion of the thrust, this is simply

/_2t L _4g pgL /

a long time after the application of a step thrust it becomes

Hence, the new position of the string center is just lower by an amotmt_;

this is linear].7 dependent upon the magnitude of the thrust level and the string

length, and inversely prop_tional to the tension. It is independent ol both the

string weight per urfitlength and the weight of the central mass. This is im-

portant since for the measurement of the thrust levels v_ithouC regard co response

time of the system, no limitation on engine waight is required.

In order to consider the transient response of the thrust stand, it is convenient

to first solve the problem with the assumption of no damping forces, i.e., f
in equation (AI ) is zero. The c_splacernent of any point on the string is then

given by

y (z. c) - _(z) ÷ _ (r_ c) (AIO)

where _(x) is given above (eq_tion AT) and _ (z, r ) is given by

4M.T

(A11)
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for points on the string to the left of center, and

for points to the right of center. C a and % are defined by the relations

co - )-

and

(At3)

tan i 7

(A]4)

£n particu.lar, the position of the center of the string is given by

• ' "-'TO" 8 -T- + +
(A15)

F pL 2
,4- m

4T
no0

cos ve'_=-% t

aL
Figure A3 shows plots of PsL / aLand tan-- , both against aL, and with the

Mg 2 2 2
ratio p_L as a parameter. The intersections of the tangent curves with the

hyperbolas are the values of % _'which satisfy equation (451)) for the parameter

2 .--.-values of the ratio Of string weight to mass weight to mass weight, paL
Mj

For lirr_tingly sma22 relative weight of the central mass, M8 <<psL, the values

of an L approach the values 2n + 1 .. The series of equation (A15) may then be
2 2

summed analytically and yields

(+ t) pgL 2 FL (AI6)y , w

u .. o s T _ s (t)

where q (t) is shown plotted in figure A4. The curve of figure A5 then repre-

sents the position of the center of the string as • function of time. It is seen to

be periodic with • period given by

r - 2L ,4'_'_-
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The average position is given by

2" _ pBL 2 FL (A17)
M -* 0 8T 4T

This is indeed the value of the steady state position in the limit of small M,

as seen from equation(Ag). The effectof damping upon the system should he to

reduce the magnitude of the oscillation as time goes on and the steady state

position should then be just the average value of the position as shown in equa-

tion (Ag).

In the more practical case, it is the strir, gts weight which is small compared

with the weight of the engine and engine mounting, i.e., Mg >> pgL.

For this case, the introduction of the substitutions

L
R _ --p

M

and

%L
X n • ,,--,----

2

reduces equation. (11) to

pL-0

FL R2

fMs + F)L

4T

(AI8)

E
It is seen from figure A3 that

X n ,,, Xn_ 1 + i1'

Moreover, for pL << I ,
M

ra_X 1 - X 1 'ted X 1 . vq_r'.

These approximations lead to the final results for the position of the center of

a string of negligible weight,

y _t u .... 1--¢o
•* 0 4T 4T
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To test the limits of validity of the above for larger values of the ratio R = pl.
M '

substitute.on of R - 1 y_.alds:

Y ' _ ,o!.. -M = 4T 4T _ "
(A20)

It is thus clear that for a practical thrust stand, the relation (AIg) is valid to

very kigh order of precision,
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APPENDIX B

HZATUP TIME FOK FAST HEATUP THRUSTOR

In order to determine more exactly the transient heating characteristic of the

heatup thrustor, an existing digital computer program has been utilized. The

program solves for temperature as a function of time and position liven the

geometr 7, power inl_at, material properties as a function of temperat-re, and

boundary conditions. Conductive and radiative heat transfer are accounted for.

The idealized thrustor for which the transient heating calculations were made is

drawn in figure B1. It consists of a heater tube made of tungsten with the di-

mensions 1.9 cm length (0.75 inch), 0. Z8 mm inner diameter I0. 011 inch), and

0.38 mm outer diameter (0. 015 inch). At one end, this tube is attached to a

stainless steel tube with the dimensions 2.54 crn length (1.0 inch), 1.5 _- mrn

inner diameter (0. 060 inch), and 3. 13 mm outer diameter (0. IZ5 inch). The

other end of the _ungscen tube terminates in a [lat tung._ten po_er le_d, _v_th

the dimensions 5.8 mrn length (0.15 inch), 2.54 rnrn width (0. L0 inch), and

0. IZ8 rnm thickness (0. 005 inch).
o

Power is supplied to this thrustor at a constant rate, which can. be adjusted to

vario_ta levels to porfornt _ra_mstric studies. The boum_L_ry conditions em-

ployed are that: (l) the base of the large st_nless steel tube (the end furthest
removed from the thrustor) is maintained at 300°K, as is the end of the fiat

power lead, (Z) each exposed surface radiates an amonnt of power consistent

with its temperature and emissivity.

Results of this analysis are given in figures B2, 33, and D-_. F_gure 52 shows,

as a _unction of input power, the final steady state ternpex'ature distribution

over the chosen geon_etry. At each power level the thrustL, r assembly temp-

erature reaches a peak near the center of the thiL-walled tungsten tube and

falls off at each end. Neither the stainless steel mounting cylinder nor the

power lead are themselves appreciabl_, heated. ,% power input of 20 watts brings

the thrustor to a temperature of the order of 2500°K in steady state, with no

_as flow.

Figure B3 shows the transient temperature rise at the center of the tungsten

tube. Even with a power input of onl_ 10 watts the warmup time is below 1

second, while Z0 watts it is of the order of one-half second, and one-quarter

second at 40 watts of input power.

Finally, for a power level of 40 watts, figure 84 shows the temperature distri-

bution as a function of time. From figure B4 it can be seen that the general

shape of the temperature distribution varies little with time.
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It can be concluded from this analysis, that, with an input power of 20 watts,

with losses both by conduction and radiation, the thrustor will reach operating

temperature in less than one second. Since the dominating loss .mechanism

at the higher temperatures is radiation, and since a thrustor twice as long will

radiate twice as much, essentially, the conclusions can be simply scaled with-

in a limited range of thrustor si_es. Hence, it appears reasonable to assume

that a thrustor x centimeters long will require a power 10 x wa_ts to reach

steady state temperature in about one-hnif second, -and that the steady state

temperature will be approximately 2500"K, for values of x which do not de-

part too much from 2 cm.
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APPENDIX C

HEAT LOSS FROM A THERMAL STORAGE THR.USTOR

Estimates have been made of the standby power loss associated with a thermal

storage thrustor. The thermal storage thrustor is defined as one which is

continuously supplied with electrical power. In the steady state, with no gas

flow, the input power level equals exactly the power loss. Reduction of losses

therefore directly reduces the required input power. It is assumed that the

thrustor heat capacitor greatly exceeds the heat capacity of the total propellant

mass heated by the thrustor during a thrust pulse, and that the average over a

long time of the power absorbed by the propellant is small compared to the in-

put power level. Under these conditions the power requirements for the thrustor

are determined by the standby conditions, and the propellant flow can actually

be treated as a small perturbation on these standby conditions.

There are _vo principal loss triodes associated _'ith _he _J_er_.al storage thrustor;

these are radiation and conduction along the input power leads and propellant

supply tube. These are treated separately below.

Radiation loss

For a body surrounded by a radiation shield, it is shown in reference I that the

heat lost by radiation from the body is given by

/tO_

Q = (To4 _ TI 4) (CI)
I Ao ' I.o"

where Q is the heat_oss in wat=s/cmZ-OK 4, ,% _.sthe body surface area, o
.l? O

is 5, 67 X I0 ", A I is the shield surface area, _ o and _i are _.he body and

shield emissivities, respectively, and T O and T L are the body and shield

temperatures, respectively. For the thrustor of figure Z3 it is a useful approx-

imation to neglect end effects, and to evaluate the power radiated per un_ •-

length of the cylindrical thrustor body. Equation (C1) can be written

Q 2,r roCr
. . CTo4_ (C2>

co rI

IEckea, E. R. G., sad K. M. 1_5tke, It., lieaz _ .Mass Tmsfw, p. 405, McGmm-HUI, New Y"Jk (19_9_

-CI-



where r o and r I are, respectively, the radii of the thrustor and the shield.
the event that the emissivities of the body and the shield are equal, equation

(C2) can be further simplified:

In

2_, o (C3)

--+ fl-c)--
ro _1

If now there are N such concentric shields, and if Q' and the geometry are

fixed, there are N + I unknown temperatures T i for a given heat flux. ]_qua-
t.ion (C3) can be used to relate the temperature of the thrustor to that of the

first shield, the temperature of the first shield to that of the second, etc. ,

yielding N equations. The N + I st comes from the radiation between the N th

shield and the surrounding space.. This system of equations can then be solved

for T O in terms of the heat flux, the geometry, and the emissivity. The solu-
tion is

Q, _ _._ (r_.4)

n,,I

Solutions to equation (CA) have been obtained using a digital comI_ater, and the

results are presented below. Some physical insight can be gained, however,

by considering a special case. If the shields are equally spaced by distance B ,

and i_ the number of shields is large so that the sum can be replaced by an in-

tegra, equation (C__) becomes:

To4 q" I-- 2-, to*N8- _-- In-- (C5)

It is clear from equation (C5) that, for a given T O , Q' is reduced as c , r o,
and/or 8 are reduced; Q' is also reduced as N increases, but only logarith-

mically. Therefore, the number of shields which can be usefully employed is

subject to diminishing returns.

Figure Cl shows the radiation per unit length in wat_._/cm as a function of num-
ber of radiation shields. The assumptions of this calculation are that the

thrustor outer wall temperature is g000°K, the thrustor radius is 0.5 cm,

the emissivity is 0.3. The shield separation, B , is taken as a parameter and

curves are plotted in figure 26 for values of B Of 0.01, 0.05, _nd 0.1 cm. The

shield thickness is assumed small compared to 8.

If the radiation loss is to be kept below about 2 watts/cm, which is imperative

if the thrustor overall standby heat loss is to be kept of the ordcr of 10 watts,

then the number of shields required is seen to exceed 30 even with the rather

optimistic value of 0.01 cm for B. If the shield separation is as much asrnilli-
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meter, even lO0 shields are not sufficient to keep Q' below 2 wa_s/cm.

If the emissivity is decreased to 0. 1, the situation is 8reatly imp=eyed. Figure

C2 indicates that only 15 shields would be required at the quite reasonable

spacing of 1 ram,if this emissivity can be obtained, to limit the loss per unit

length by radiation to 2 watts/era.

The effect3 of emissivity and shield separation are shown again in figure C3, drawn

for a total of Z0 shields with a thrustor temperatu_'e of 2000 ° K and radius of 0.5 crn.

The indication of this figure is that the emis sivit 7 must not exceed -,0. Z i_ (_ is to be

kept below 2 watts /¢m with shield separation distant • s o," the order of one-h_lf mill-

imeter. FigtureC4 shows the effect of heart diameter on the required number of shields.

This analysis has not accounted for radiation from the ends of the thrustor;

however, it is thought that proper design can keep this loss smaller than the loss

through the sides for a thrustor with a length-to-diameter ratio greater than Z;

if the thrustor can be made with a length to diameter ratio of the order of 8 or

_0, this loss can he made very small.

_-. Conduction Loss

The conduc_on loss has been estimated from the results o£ the computer pro-

gram r_,ported in appendix B., Briefly, the steady state temperature distribu-

tion obtained from the computer was used to estimate the temperature gradient

at the end of the thrustor section, and this was in turn used with the thermal

conductivity and the known cross sectional area to evaluate the heat loss. For

a 10-watt input power level, _vhich corresponds to a central temperature of
7000°K. the calculated conduction loss was 2.9 watts into the stainless steel

holder and 7 7 watts into the tungsten power lead. for a to_l ci 5. _ watts. It

is anticipated that the larger thermal storage thr_stor _vould have a larger lead

loss than t_e very small fast heatup _nit, so _hat these estimates ,'nay serve as

lower li_it val_es.
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Figure C3 HEAT RADIATED PER UNIT LENGTH VERSUS SHIELD SEPARATION
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APPENDIX D

LEAD NETWORK CHARACTERISTICS FOR

THE RESISTOJET SINGLE AXIS

ATTITUDE CONTROL SYSTEM

1. INTRODUCTION

A block diagra=n of the basic control logic for the Model I and rr reeistojet

attitude control systems is given in figure D1 .. The position sensor provides

a voltage signal° 0(t) , which is directly proportiona£ to the angu_r error at

a time t . The response of the position sensor is illustrated in figure D2.

This sensor has a linear response (:_ Z percent) over a range o£ _- I degree of

angular error with a null at zero-degree angular error. For positive angular

errors, the voltage output is negative as shown. Outside the linear range,

a nonlinear response occurs out to an angle which represents the maximum

sensor output; from £igu:e D2 this angle is about • Z. 5 degrees and repre-

sents the r_naximum useful range of the sensor. For angular errors larger

than Z. 5 degrees, the signal output gradually decreases approaching & value

of zero at am angle of • 10 degrees. In the lineu range of the sensor, the

sensitivity is about 180 millivolts per degree of aegis.

The voltage signal from the position sensor is amplified by a prearnp with a

gain K to give an output signal K0(c) • This signal is in exact phase with the

input signal to the preamp, 0(c) .

The preamp output represents the input signal to the lead network which is the

basic control element of the resistojet control logic system. The lead network

provides an output signal Z(c) , to theswitch_g networks which then control

the pulsing of the appropriate resistojets. If the output signal, Z(c) , equaAs

and exceeds the lower of two preset vaZ_e, the switching network provides

a resistojet pulse of preset duration in the proper direction. _ Z(c) equals

and exceeds the larger of the two preset values, the appropriate resistojet is

turned on and remains on continuously tultil Z(c) is reduced below this 18rger

value. (Hysteresis will make the drcpout voltage of the switch slightly less

than the pullin voltage. ) The operation o£ the reeistojet puleiq to provide

attitude control of the satellite is thus directly related to the out"put signal Z(t)

of the lead network. It is the purpose of the reining discussion to investi-

gate the relationship between the input signal, R0(t) , amd the output signal

Z (t) , for the lead network being used in the control logic of the Models I and

TT resistojet control system.
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2. LEAD NETWORK CHARACTERISTICS

The characteristics of operation of the lead network are contained in the trmms-

fer function, G(s):

_ ,I, a fL41

G(8) =
i÷, L •

(DI)

where

a = constant of leafl network, dimensionless

'L

$

= constant of lead network, seconds

= complex frequency variable

The transfer function is the ratio of the I_place transform of the out-put 8ignK1

" to the I_pl_ce transform of the input sisnal. The type of cent-tel rerprooented

by this transfer function is widely used in process comrol systems _nd is

frequently referred to as '_propoz_ona/plus derivatiws of error" control; in

other words, the control element output depends not only on the absolute

angluar error, #(r) , but also on the rate with which the &rq_ular error is

changing, d#(¢)/dt

From the delim_ion o5 the trans£er function,

as:

equation (DI) can be rewritten

Z(.) I + a 'L $
__ . (D2)

KO(s) I ÷ rL s

where

Z(.) = laplace transform of Z(t)

e(s) = Laplace transform of 0(¢)

-D4-



01" aB:

ZCs) - K 1 80) ÷ IK s $(s) (D3)
eL s ÷ (I/eL) s ÷ (1/e L)

The output sii,_,tL Z(O which is the inverse ot Z(.) thua depends on the function
0(s) which in turn depends on rate vmria_on of 0(t) wit& time. The solution

for Z(t) will be derived for two 0peci_t tames to ilhmt:tte tit dependence, the

first in which #(t) va.--iee am a etep increase followed by & lineaa" increase with
time and the second in which e(t) vuiel einuJoida_ F with time.

a. Step Increase in Anl[le Followed b_v & linear Cha_e of Anjle with
Time (Constant R_te of Rotation)

In a hard limit cycle with zero disturbance torque, the drift l:ahase of the

limit cycle takes place with a constant rate of rotation. The angle at
anytime with an initial step increase can thus be written as:

(D4)

where

#o = step increase Ln angle at t = zero

d_
m m

dt
= re.re of rotation

The case oi constamt w corresponda to the drift phase of the limit cycle

with zero disturbance torque.

The laplace transform of (D4) is: .

ao

s ,2

(DS)

Substitution of this relation into (D3) #yes: '

zc,) = ._ eo , . ÷(t/,,jr..)] ÷ .zs + (1/e L) s [= . .2 [. +(I/L)] eL

(a. 6)



Taking the inverse of this relation and algebraic simpliIication results in'

Z(t) K t(a 1)(_o 'L _) e-t/'L ]}- - - + _t + [eo + %, ,/, (o - 1)
(D7)

For t >> rL this relation simplifies to:

Z(t) - K[(Oo+¢,) + (a-l)__¢l

{ d0(t),_- K e(0+(o-1),L d"_--/ (DS)

This expression, which is the same as that given in the second quarterly
report illustrates the dependence of Z(0 on both 6(t) and dS(t)/dt and

justifies the description of this _ype of control a.m "proportional plus deri-

vative of error control".

Rewriting equation (DS) :

d 0(t) Z(t)/K 1 (D9)
e(,)

• (a- l)'L (a- I),L

Switching occurs when Z(t) = Zswso that the control line is represented by:

d<__t_1 = Zsw/K 1
c (a- I),L (o- I),L

'_8' eco i

-(a- 1)_L (a- 1)TL

_C

(DJO)

Equation (DT) can be used to obtain the response for a step change in e (,)

alone and/or a linear increase of e (_) alone s_z_ing from e(t) _ O. For

the step ch_e, _ in equation (I)7) is set equal to aero giving:

r, -'/'L 0 (I)11)Z(,) - Ke o uo-l)• +

At ," O, Z(t} = K6 o
O

For, >>%, zX,)=

For the Linear increase alone, set eo of equation (T)7) equal to zero giving:



At, =0, Z(t) -0

Fore>>, L.z(,) = K#[(a-D, L ÷el - K[@(t) ÷(a-l)q.#]

b. $inu|oidal Variation of An|Is with Time

The usual way of expressing the response of t control element is to

present the response to a sinusoidal variation in the input to the control

element. The response is generally given in the form o_ the ratio of peak

output magnitude to peak input magnitude versus frequency and the phase

angle versus frequency. The response of the lead net_vork to a sinusoidal

input can be considered, to & first approximation, as the response to a

symmetrical hard limit cycle with zero disturbance torque. This is

illustrated in the sketch of figure D3.

The response to a sinusoidal input can he obtained d/fecal7 from the

transfer function by substituting j_ fOr s in the transfer function where
i = v_?.

Thus:

I ÷ (a 'I._)J
G_j_) -

1 _-(r L oJ)j

l+a(r L_)2 arI._,- rL

= 4- i

I _ (:L. _)2 1 + 0"L _)2

The magnitude of this relation is given by:

(DI3)

G

,m

/1 +(art. _)2
It

/
1 ÷ ('L ¢.)2

(D14)

The phase angle is obtained from:



t
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Figure D3 COMPARISON OF HARD LIMIT-CYCLE OPERATION

WITH SINUSOIDAL VARIATION OF ANGLE WITH TIME

oDS.



L _+('L ")2 I .%_)2 .I

vL_ (a- 1) (D15)

I ÷ a (_._) 2

The phase angle is defined as _ = (_t) 1 * (_oc) 2 a_ iliustrated in figure D4.

_'m. _ • _11• (vllt-lwll I

• PUT

/

I ,.,,,,.,,,\ \ / /

XX
III

11!i-t1191

Figure D4 ILLUSTRATION OF PHASF. ANGLE D_FIN*TIC _1

The sketch of this figure is for a positive phase angle; from equation(D15) ,

_t is apparent that the phase angle is positive for the Mod_.l I and I_ resis-

¢ojet control systems. A positive phase angle meaxls the response "leads"

the input as illustrated in figure D4 ; hence, the expression "lead network".

The lead network response has been calcu_ted and plotted for several

values of sand rL . In figures D5 and D6, the ratio of output peak mag*

nitude to input peak magnitude and the phase angle respectively are pre-

sented as a function of the dimensionless £requency, r oJ, for a's o£ |0,
Z0, and 30. The amplitude ratio at large £requenciesLis seen to be equal

to a and drops to one at low frequencies. The point at which the peak

amplitude ratio is approached occurs for a constant rL_ oI about Z • for

all a_s or when:

.Dp
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,o _ (D16)
f(G .. a) ....

2. TL

At the low frequencies, the point at which the amplitude ratio approaches

one is dependent on a as well as 'L and can be obtained by expanding

equation (A. 14) and throwing away higher order terms:

G -'_/l÷(ar L_)2 , 'L _ << I (DI7)

For different a's, the amplitude ratio thus has the same value when:

= 'L _ " Constant (D18)

or when:

W Cons[Ant

f - -- - (D19)
2r, 2- a r L

From figure A. 5, G = 1.4 with rL_ = 0. I and a= 10; the constant in the

above equations for this G is thus =rL (o = 1 and:

|
t(G-. 1) - -- (D20)

2,, a,1.

From figure D6, it is apparern that the phLee angle _ncreases with

increasing n. Also, the frequency of peak phase angle lowers by about a

factor of 2 as sis increased from 10 to 30.

The precediflg plots illustrated the effect of a ; in figure D7 , the amplitude

ra_io is plo_ted versus cycle time for an aof I0 and for rk's of 2 and 5

seconds. The effect of increasin_r h is to increase the lin_it cycle time

(or decrease the frequency) at which the response of the lead network is

strongly rate dependent. In figure A. 8, the amplitude ratio is plotted

versus _for an a Of 20 and fL'S of 1, Z, and 5 _econds.

3. CIRCUIT FOR LEAD NETWORK

The control circuit with the transfer function given by equation (D1) consists

basically of two resistors and one capacitor wired &s illustrated in figure
D9 . The transfer function of this circuit is

Vbc (s) 1 1 * - 'L ' (D21)
m

Vsc (s) a _ + rL s

where

m ! ÷--
R 2

(D22)
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R2R 1
c (D_3)

'k = RI+R 2

This tramsfer function is identical to that of equation (DI) if an amplifier

wish a g&in of a is _dded to the input. For She control logic of the Model I _nd

Model II systems, nominal characteristics &re:

C = 100 rr_icro_arads

R 1 = ZO0,O00 0

R2 = 2Z, 000 D

Substitution gives

" = i0.09

rL = 1. 982 seconds

as the nominal lead network constants for the Model I and II resistojet &ttitucie

control systems.

.D16-



APPENDIX E

ANALOG CALCULATIONS OF DUTY CYCLE

VERSUS DISTURBANCE TORQUE

1. h_TRODUCTION"

To determine more precisely the effect of disturbance torque on the duty cycle

for the Model I and TT resistojet attitude control systems, &ddition_ shale K

complzter caAcu_tions hLve been performed. These c&lcutations were perfor-

med for two acquAsition aasles, 2.25 az_d 3.40 degrees, with the following

other variables:

rR. = control torque = O. 6 x 10 -3 ft-lb = 8130 dyne-cm

] = moment of inertia = Z? slug ft Z

H = hysteresis of switching neL'work = 1 5 percent

•, = lead network constant = lO

_L = lead netwoz_k constant 8 2 seconds

tR. = fixed pulse duration for control by inner lines = 4 seconds

For these calculations, three output plotters were used. Tw_ Xoy plotters

_vere used, one with a scale to '_ollow in the phase plane the acquisition and

the other with a biownup scale to follow in g_'eat detail in the phase plane the

limit cycle performance. The third plotter was a strip char recorder on which

the following variables were continuously plotted throught a run:

Error Signal

Angular Acceleration, d2O/dr 2

AngulAr Rate, d 8/,k

Angul&r Error,

Total Time

In figures E1 , E2 and E) , typical plots from a run are presented.

411°
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Z. LI_'r-CYCLE PERFORI_ANCEASFUNCTIONOF DISTURBANCE TORQUE

From the strip chart record, the duty cycle for a/l runs was calculated; the

duty cycle as a function of disturbance torque is presented in figures E4 and

E_ for acqusition angles of 3.4 and Z.Z5 degrees, respectively. The most

striking feature of these plots is _t real discontinuities exist in the plots of

duty cycle versus dish, thanes torque. In some cases, a change in the dis-

tuzbance torque of as little as 0. Z5 dyne-era resulted in a change in the duty

cycle of two to three at the boundary between soft and h&rd limit-cycle operation.

As the dismarbance torque decreased, the frequency of occurrence of these

discontinuit'iee increases but their amplitude decreases.

The reason for these discontinuities can he seen with reference to some limit-

cycle plots for the case of 3.4-degree acquisition angle. In figures E6 and

E7 , the phase plane plots are given for disturbance torques of 110 and 90

dyne-era, between which the control goes from soft limit-cyc'.e control to hard-

limit control consisting of bas_cally one hard-limit cycie coupl=d with one

soft-limit cycle. From disturbance torques Of 90 to 39, no discontinuities

occur and the duty cycle decreases from a peak value of 0. 037_ at 100 dyne-cm

to 0. 0135 at 38 dyne-era. The limit-cycle plots for disturbance torques of 70,

]9, and 37 are presented in figures E8, E9, and EIO . For a disturbance

" torque o£ 70, the soft limit-cycle branch is lazger than at 90 dyne-era reeu/_.ng

in a decreased duty cycle. In both of these cases, the cycle is slowly hulling

to a limit cycle which would retrace itself and have the shape illustrated in

figure Eli .

At 39 dyne-cm, the soil-limit part of the cycle has almost reached the opposite

control line. The system is now much slower nullin_ than for the higher dis-

turbance torques (70 and 90); thus, if the run were cont_.nued long enough, the

_wo soft-limit and hard-limit 5ranches would approach one another and merge

into one retraceable cycle similar to that sketched _n figure Ell , exce.Dt _ith

a larger solt limit-cyc!e branch.

As the disturbance torque is reduced slightly below 39 dyne-cm, a point is

reached where the soft-limit branch just reaches the opposite control Line and

triggers the opposing resistojet. When this occurs, a step increase in the duty

cycle occurs. For a disturbance torque of 37 dyne-era, this has occurred and

a completely different type of limit cycle control occurs. Comparison ot the

limit cycles for 37 and 39 dyne-cm illustrates dramatically the difference 2

dyne-era of disturbance torque can make. For 37 dyne-era, the cycle has not

nulled, but appears to be hulling to a cycle with one s_ft limit branch and two

hard-limit branches for a repe&Zing cycle.
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Pisuee E! _ SKETCH OF HULLED LIMIT CYCLE



For lower disturbance torques, very complex cycles are obtained. In figure

E2, for example, a plot is presented of a complete repeating cycle for a

disturbance torque of l0 dyne-cm. The complete repeating cycle consists of
two soft-limit branches and 16 h_rd-limit branches.

The limit cycle for zero disturbance torque always consists of one repeating

hard-limit cycle as would be expected and as illustrated in figure El2 .

Comparison of figures E4 and E_ illustrates the effect of acquisition angle

on the dist_zrb_nce torque at which control changes from soft limit-cycle

control to hard-limit control. In both plots, the regions of definite hard limit

and definite soft limit-control are presented. It is seen that at an acquisition

angle of 2.25 de_rees, soft-lirni_ cycle i_ maintained down to 63 + 3 dyne-crn,

while /or an acquisition angle of 3.40 degrees, the limit cycle changes from

sof_ to hard at a disturbance torque of I00 ± lO dyne-crn. The maximum duty

cycle, is 0.0374 for _o = 3.4 degrees, whereas it is only. 0.0294 for _ =

2.25 degrees.
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APPENDIX F

PERFORMANCE OF THE SINGLE AXIS RESISTOJET ATTITUDE

CONTROL SYSTEM ON THE IMPULSE BALANCE

The impulse balance is attractive for checkout of single-axis ACS because of

the possibi/ity of systematically varying the acquisition angle, #initia! ' ac-
quisition rate, _nkia! , and disturbance torque, rD In the present test setup,

data are transmitted from the table by light%veight wires; the number of wires

and thus the amount of dam which can be transmitted must be held to a minimum

because of the possibility of introducing disturbance torques into the system.

For the initial tests only the clockwise and counterclockwise valve signals,

and the angular position and total angular error signals have been transmitted.

Figure FI. illustrates a hard-limit cycle, obtained on the impulse table for a

negligible disturbance _orque (:D --"0 dyne-cm), and a control thrust of about

I.. x pound.

-FI-
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APPEND_ G

ADAPTIVE ATTITUDE CONTROL SYSTEM

I. INTRODUCTION AND BACKGROUND

The dist'_bance torque which a _ Satellite will encounter cannot be predicted

with any precision at the present time. Thus, the attitude control system

must be designed to handle a range of dist_arbance torques ex_endin E from zero

up to some estimated max/mum possible disturbance torque which represents

with & high'degree of confidence the maximum disnurbance torque the system

could possibly receive. The objective of an ACS design evaluat/on is to arrive

at the system which provides attitude control over the entire mission duration

with a minimum coral system mass a_xl maximum reliabLl/t_/. As will be dim-

cussed below, this objective requires an adaptive control system, _hat is, one

which automatically changes certain sys_ern parameters to provide satisfactory

_irnit cycle operation of r._e system regardless of _vhat the actual disturbance

torque may be.

The adaptive control system should thus he designed to insure that (1) the

propellant mass is sufficient for the entire mission for whatevever disturbance

torque is encountered between zero and _he es_rnated maximum possible value,

and (7) the pulsing frequenc7 of the system is n_nimized.

The need for an adaptive control system is further illustrated by figure GI .

where a typical plot of duty cycle versus disturbance torque is sketched. With

the control torque fixed, the fixed pulse duration for control on the inner lines

would be set at a value to give soft limit cycle operation with a minimum pulsing

rate with the maximum possible disturbanc'e torque. .-_nalog computer simu-

lation ol the control system would then be used to _enerate the curve of figure

GI The design point as illustrated is for soft limit cycle operation with the

maximum possible disturbance torque. The duty cycle on which the propellant

consumption rate, and hence propellant mass required for the entire mission,

is based i8 (DsL)ma x. At some distltrbance torque lower than the maximum

possible value, the limit cycle with (t_R)_x wi/1 jump into hard limit cycle

operation with a corresponding large increase in the duty cycle. As illustrated,

the duty cycle with no change in thrust characteristics exceeds (DsL)max over
a large range of ctistltrbance torques, and :.f no adaptive control action were

taken, that is, both the control torque and the pulse duration remained fixed,

the propellant mass in the design would have to be based on (DHL)a_z rather
than on (DsL),mx. The ratio of (DHL)_x to (DSL)_= (or of the propellant masses)

might be as much as a factor of Z to 3 b_sed on analog computer simu/_tion of

the control system (see figures E4 and E5 of appendix E).

Ad_ptive control action for rD < (rD)ma x can be applied by reducing either or
both the control torque and the pulse duration. The discussion below is based

-GI°
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on reduction of the pulse duration as the adaptive control mechanism with a

fixed control torque. In figure 02, the variation of duty cycle with distur-
bance torque is illustrated for three pulse durations with the control torque

fixed. The cuzve for (cR) mu is the same as Chst sketched in figure G1. If a

disturbance torque of (ro)2 were encountered and no change made in tl_, a duty
cycle of (Dw_ 2 • (DSL)m u would occur which is unacceptable. If the pulse

duzation were autum&tica.Liy decreased _o some value (_R_, soft _ cycle

operation would occu_ with a dtstuzbance torque of (_O_ and a duty cycle (I_L

< (DsL)mR would occu_ which is acceptable. With a pulse duration of (ca).,
however, a lower disturbance torque than (ro )2 could still result in hard limit

cycle operation with a duty cycle greater th_u (DsL)mM. A: some pulse
du_r&zion (Ca)m/a, however, the duty cycie for the fixed contrel torque will not
be greater than (DSL)m u for all disturbance torques. Thus, this pulse duration

represents the minimum pulse duration required to insure chat a propellant
mass based on (DSL)max is sufficient for the entire mission. Thus, a possible

• dapt_ve control system is one which varies stepwise the pulse durac_ion,

(tit) v, between two _irnits, (OR)msx and (tR),_ n . Depending on the particular
system, it might be desirable to decrease tit below (t&)_i a to mJ_in_.ze the
pulsing £requency for low disturbance torques.

The q_e_ mi4_at be asked as to why the pulse duration was not preset at a

- cons_Lnt value of (cR)_ since this insures that the propellant mass based on
(DSL)_ is sufficient for the entire mission. Another consideration of impor-
mnce_om a reliability point of view, however, is the pulsing frequency of the

reaistojete which should be n_nimized for _um reliability. Thus, if the

pulse durat'_on were set at (cR)ada and the actual disturbance torque were (_)amz,
the _mit cycle would follow a path in the phase plane [J_tce that illustrated in

figure G_A and the pulsing frequency would be very high.

the pulse d_racion were (c_)m8 x , however, the path _o_lowed would be Like
_hat illustrated in figure G_B and c.hepulsing frequency wou:d be minimized.

The pulsing £requency for soft limit cycle operation is given by:

. .___ (GI)

and thus, for a fixed _V andre, f varies inversely with _aso tong as soft Unit
cycle operation is maintained. In addition to r_e factor, a pulse dura_on

(r_)_. migh_ not be sufficient to hold _he Limit cycle control on the inner lines
w_ disturbance torque 61))_z and _he control would jump to the outer back-
up lines.

In summary, an adaptive control system is requi_ed if it is desired to minimize
the prope/_ant mass required for a given mission and, at the same time,

minimize the pulsing frequency of the system for any cLisnurl:_n_, torque

between zero and a.u eetin_ted-maximum possible disturbance torque.



!

z
2
I,,-
,,<

+

z

o
E

K

g

Ig

D
m

u_

• 0

G



PUtJI[ OUleATIO_ • (tit) MIN

OIS'_nANCsr TOItqU( s(T O) MAX

0

ll_(Itlll_

II Iqlt.JlK 0Uiti?tOli t_Lt|| |

0t_M ?0MlUt * (T 0]

Plgw_ G3 p_se PI.ANe PA'rM_Ot.LOWeOS't SYSTEMwrr_ o_s'rum_Ncz Tc)xaue %)_J._x

*NO PULSEO_O_S OP(_)UN ANO(tR)MAx



Z. PROPOSED ADAPTIVE CONTROL SYSTEM

As discussed above, •n adaptive control system is required to insure sufficient

propellant rnLss to fulfill she entire mission and •t she same time to minimize

the pulsing frequency of the system. The following discussion describes con-

cept_•ily an adaptive control system for this purpose which would involve some

simple additions to the present control logic system •s used in the Single Axis

Tests.- The proposed method involves the stepwise variation of the pulse

duration on the inner control Lines in response to the mode of resistojet pulsing;

the mode of resistojet pulsing in t_arn depends directly on the disnarbance torque

for • given set of thrustor characteristics. If preferable, the control action

could be variation of the control torque by variation of the plenum pressure or

a combination of variation of both she p,enum pressure (control torque) and she

pulse dure.tion. The pulse duration shou.ld be easier to vary however and can

be instantaneously changed whereas a decrease in the plenum pressure can be

made only gradually as ".he pressure is reduced by pulsing o£ the resistojets.

It is assumed that she control torque and maximum pulse duration have been

established based on the esr/m•ted maximum possible disturbance torque,

(TD)m=" Analog computer calculations have a/so established • (tR)mi n which
insures su//icient propellant rn_ss for any disturbance torque bet_veen zero and

('V)..= •

The system during acquisition will have the fixed pulse duration for she inner

lines set at the maximum value, (tR )max • This will insure control withiu the

desired error limits, l_hough with • hard limit cycle except for disturbance

torques very near (rD )max " In the hard limit cycle, the opposing clockwise

and counterclock_'ise resistojets wil/ be pulsed each cycle, an unacceptable

condition with • pulse duration of (tR)mL _ . When this occurs, the pulse-on-

duration o_ b_:_ re£is;oje_s :-"i!Iau:o..-_a:ic'_!Ivbe decreased b_" a predetermined

amount. A possible circuit to perform this function might concepn_ily be •s

illustrated in figure G4 . I/hard limit cycle operation occurs, both the CW and

CCW resistojets will be pulsed. The two memory circuits would then simul-

taneously p_ss signals to the "and" circuit which requires both inputs before

passing • signal. A signalwould then pass to the pulse duration contwol which

would automatically decrease the pulse duration by one step. The memories

would simultaneously be erased. If • hard limit cycle still occurred, the

above process would be repe_ted and the pulse du_ration decreased until either

soft limit-cycle operation occurred or the minimum pulse duration, (tR ) =in

was reached. While (tR)mi n would be set at • value low enough to guarantee
that the propellant mass was sufficient for the entire mission, it might or

might not be desirable to set "(tR}mi m below this value to minimize the pulsing

frequency if very low disturbance torques were encountered. Analog computer

calculations would be used to determine a satisfactory value of (tR)mi, . The

minimum possible value of _ )Bin is set by the time for thrust buildup and
decay which is about 50 milliseconds for the present system.
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Suppose now that the system has automatically adjusted cR either to (¢R)min or
to a value where soft limit-cycle operation occurs and an increase in the dis-

turbance torque occurs. This increase in disturbance torque, if no corrective

action occurs and the system is in soft limit-cycle operation, produces a

decrease in the cycle time resulting in more frequent pulsing. If the disturbance

torque becomes sufficiently large, the control may jump out of the inner control

lines and transfer to the outer backup lines unless the pulse duration is in°

creased. To handle the situation of a large step increase in the disturbance

torque, with transfer of control to the backup lines, the pulse duration pro-

duced by the b_ckup lines must always be sufficiently large to handle the

estimated maximum possible disturbance torque. Thus, the minimum on-time

for a pulse controlled by the backup lines should be set at (¢R)mu by selection

of the proper value of the lead network delay, constant, .% . This should insure

th_'_ control will jump back to the ir_uer control lines even if an unusally large

step increase _n rD occurs so long as rD is not larger than (rD)ma x.
the system does jump out o_ the inner control lines, large disturbance

torques wili have encountered and t R on the inner lines should be reset to
(¢R)maz as illustrated in figure 05 .

If the disturbance torque increases slowly or levels off at some higher va_ue,
control will not jump out o_ the inner Lines. It will be desirable to increase

the pulse duration of the inner lines to minin_ize the pulsing irequency without
leaving soft Limit cycle operation. For example, consider _he sketch, of

figure G6 . The limit cycle as sketched with the solid lines would have a very

low cycle time _ high pulsing rate. The cycle time is given by either:

tt" " 8(0e-0 o) VD (G2)

C;:':

- c1_- (G._)
'D

It is desirable to increase the pulsing time to give a Limit cycle such _s that

illustrated by the dotted line. As an arbitrary cz'iterion of satisfac_ry verlus

unsatisfactory limit cycle behavior, satisfactory operation is defined as a limit

cycle in which 6o (6 at e 8 0) is less than or equal to zero, that is, the Limit

cycle represented by the dotted line. If 0o > 0 as for the solid line, it is

desirable to increase the pulse duramen to reduce the pulsin_ frequency.

The circuit illustrated by the block diagram of figure G7 _ accomplish this

objective. Referring to the CW resistojet, a quantity/ A = _o " e is c_lcu_ted

continuously. This output goes to a switching network which passes a signal

only iy A > _c' The output from the switching network erases a memory circuit

as shown. The memory is activated by a signa_ to pulse the CW reeistojet.

The signal from the memory passes through a fixed time delay to an "8_d"

circuit. The signal _or pulsing the relisto)et a_so passes to this "and" circuit.
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If both signals are received simultaneously by this circuit, the pulse duration

is increased by one step. Suppose now, the memory is vacant and the CW

resistojet pulses (6 - e c, • = 0). The memory is activated. After the preset

time delay, the "and" circuit is acl:ivated by the uign_l from the memory. The

disturbance torque decreases 8 thereby increasing A. I_ A does not exceed 8c

during the cycle, the memory s_ys ac_.ivated and the next signal to pulse the

CW resistojet increases r.he pulse duration by one step. If A does exceed 8c ,

the memory is erased, She succeeding signal to louise the CW resistojet cannot

pass the "and" circuit, and the pulse duration remains constant. The C'CW

resistojet operates as above except A = 8¢ + 8.

The stepsvise increase in pulse duration cannot be too large; otherwise, the

s_.ste.-r,will be Lhro_,_ into hard limit cycle operation. It can be s_own thz*_

_¢ is given by the lollo_'ing rela.zion':

1 ('R - _)'_

8¢ - 8o " "/ -]"D 'R2 (G4)

Let

tit ! = pulse duration when 8o = 0

tp. 2 s pulse duration when e o z. 0_

Then;

8c (tR 1)2

2 8c (,_2)2

o1":

(G_)

tR2

tP,l

Q

This represents She maximum r&_o by which the pulse duration should be

increased with the criterion used above for increasing the pulse duration

when 4> 8c .

3. SELECTION OF THE CONTROL TORQUE LEVEL

As discussed previously, the attitude con'_rol system de|isn should be b_sed

on the estimated maximum possible dis_urbance to rqup which the satellite

could ever encounter. A necessary condition on the control torque is there£ore:

• (eD),,,,,- (G7)

-G12.
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A system with aconr, z'ol torque .Suit slightly g_eater than the distu_ba_,,ce torque

wmzld not f_zctio_ in a sa_is_ctoz_/fashion hcnwever. Consider r_e sketch

filiuze G8 .. _'he system d1"i_ts with a given diltt_lrba_ce toz_ue, rD , across _e

conLlroA line to point (a) &e shown. AC point (&) r,he resi ltojet is else1" puAsed

on re1" a p1"eset time du1"ation p1"oducin i a_ impulse hit (buts1" costa'el L_II re1"

the l_[odel Z a_ IX systems) o1" _led on contiJluotMIIy unt_ the system is d1"iven

I_ck &ca'eel the cont_rol Line (t_¢k_p lines re1" Uze Model I and IZ systems). T_z

eithe1" case, the parJz followed in the l_ba_e pla_e plot d_ring r.be time of tkz_zst

&pl_iAcati(uz is st1"onl!y dependent on the cLt_e:ence between tJze conr_roA to1"que,

rl_, and the clAet_rbaa©e to1"que, _D ; the amlpzJA1" accele1"ation is given by:

_e _-_
(Gs) "

Refe1"riag :o rJze fl_z1"e G8 now, _ _ = rD , r_e system will _ollow _e path [a)
to (b) a_d _e a_g_l_1" error will conl_nue co L_crease at a constant rate of

rotation. X_ vR is onAy slighcl_r greats1" _b_n "D' U_e rate o£ rotation wiAA decrease
only slightly with time. and, _or continuous chrus_, the system wLLI _ollow the

_t_ (_) co (c). Since "_e con_:ol IL_e should be set so "_ac -* _ce is only slightly
less t1_A _e aAlowable angular error, the allowable er:o1" will ohvic_Asly be

exceeded when _e control torque _s only slightly greater than _he disturbance

torque. The cont_ol torque should r.hus be set at some Level conside1"abAy L_

excels d the maxizzzu_ e_r_ec:ed _Astu_ll_ce to1"que.

As the c_nt_ toz_lue ie b_e1" Lac1"ea_ed 1"eAalive to the dAslm_rbaace _(l_e,

• value is re&the4 whe1"e lhe slope in the phase p1aae initially &lie1" that

smz_-up is eq_l _o _he slope of the cont1"ol line and r._e l:_ch (a.) co (d) is

followed. For vez_ l_rse coati'el _o1"ques, _be _b followed will essenr_Lly

be an almost vertical line on the phase _)l&ne plot as represente_ by _e par_A

(a) _o (e).

It is suggested _h,_t a reasonable criterion £or the minimum control torque is

given by the condition r.h&t _._e slope in r_Ae phase plane o_ the path _ollowed by

_._e system immediately &£ter thrust is t_Arned on must be equ&l co C_e s_ope o£

the con,]rot line. A relation for _he minimum control torque b_sed on chAs

c1"iterion will now be derived. _uteg1"ating equation ( G_ ) witch e = de/_ and

e = #1 a_c =0 gives:

_ _ - _ (G_)m Q

_OW,

de d_ de _ :M

(G10)

-GI_.
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SubscLtutin| and letting _ = 0 gives the slope in the phase plane of the pa_Ja

followed by the satellite zt the moment thrust is turned on:

m Q m

oo Jel
(G11)

A reLsck_ for e! must now be derived. This reL_s is based on the maximum

value of +I for • so_ Limit cycle which occurs when the impuke de].ivered is
sufficient Co just drive the system co the opposite con¢=ol line •s i_lustz&¢ed in

fllw.=e G9.

Integrating equation (Gg) from (Z) Co (1] with _ - 0 and neglecting the sma]_

cLi_erence between 01 and 6co gives:

d0 _O
-- =- c (G;.2)
= J

- When #= _co " = =¢c and, f=om (GI3):

Substicu_/on of this relation into (GI2) gives:

(Gz4))

Substitution into equation (311) and setting:

CG15)

mR mm

- 0 (=" 1)_I.
(G16)

1
whe_'e

• (a-l)_

is r.he control Line slope gives:

* 'Ca-l) _I. j
(G17)

-GI_"
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Wius (rD)mu represe=Uzqi Use estimated ma._mum possible dis_rbuce torque,
Use pern_ssible c:iterion for Use m_m_m_ L_zz_t of _t, _e control torque, is:

2 ._f ('D),,,_

£ (_uz _ (=- t) % 0:;18)

As am LLlu,stru_c,:, for Use ,'_xtel I system:

S©o = 0. Z*

J : _7 sh* 8 _t2 = 3.66 x 108 iimm cruz

a = 10

rL : Z secor_s

5ubstitu:ion gives:

With (rD)m= o£ 1600 dyne cm,

'R >- 6630 dyne cm

The resistojets supplied to NASA Lewis h&ve • nominal thr_sz o£ 0.3 x I0"3

pounds which with & moment arm of two feet provides a control torque of 8130

dyne cm and thus meets the c=ite_on of equation (G18).

The maximum control torque _ be l_Lsed on Use basic _ssumplions _: _n

ad&ptive control system is used and thst limit cycle control is maintaLned by
fixed pa_e d_z;_iou o_eza_ion of the resisto_ets. The cz_tez-lo_ is ba_ed on

rna_A_An_ sof_ limit cycle con_:o_ down to some rainAmum dis_ba_ce torque,

(to).;., below which it is satisfactory for h&=d Limit cycle operation to occur.
n_ control torque is di:ectly dependent on the minimum puAse

duration b_i2t into the conwol logic, (_):ia" In Use 7._d Quarterly ProEress
Retort, it is shown that _he criterion fo: definite soft IAmit cycle opor&_ion is:

(G20)

.G_7..



Se_in_

'!_ : ('it)mz

tit : (tj_),,,;n

SL
'_ " ('D)...i,

Equation, (D.20) becomes:

sL(tR)mi n (rR)ma x <_ 2 co J (rD)min (G21)

As an example, with J = 27 slug ft 2

,.._ SL
,.D_mt._-- ]0 dyne-c.rr_..

0¢o = O.Z*

(_)m/n = O. I seconds

" the value for (rR ) max is computed to be:

(_)mz = 286000 dyne-era

In summary, the control torque selected ior attitude control shoul_ lie with1=

the range:

.,,/('D),,_ 2 [o SL÷ < J ('D_,in CG22)(T-;; TL ,R -

Within this range, other f&ctors must be considered before a final desired

value of the control torque is selected. Among these are the desire to use
the same thrustors for despinning, acquisition, and st&tlon keeping as well
as for attitude control and the desire to operate the resistojet under conditions
of pressure, heater diameter, and nozzle configuration and dimensions which

give a high specific impulse. These factors and their interrelationship can be
considered quantitatively only when • specific satellite and mission are being
considered.

-GIS-
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APPENDIX H

CELESTIAL $L_ULATOR AND TEST RANGE (ASTROL, AB)

A celestial simulator or Astrolab is presently under constr_c_ion at Avco RAD

as part of an internally funded program. The purpose of the labor&tory will be

to evaluate complete spacecraft _dance and conc=ol systems. The basic

laboratory is shown in fisure H1.

Referring to figure HI _e aC_i_le control system to be evaluAce_ w_LL be

placed on the intez_nai air bearin t ruble. The cable and air bearing are, in

cuz_, located within a vacuum chamber. The attitude control system lot&ted

on the air bearing cable will _nclude: (I) power supply and power conditioning

equipment; (2) a reaction system, including propellant storase and feed: (3)

control logic package; (4) sensors; and (5) signal conditioning equipment. The .

rest range is 80 feet :on_ and will contain a planet sirnu!a_or, & star sL.-nu_a_or,

a._.dz _o_._,rsi:'_,u_.a:or. T:_e co,--.._ina:_.=.-. =f :he :hree-axi_ air _earing, vzcuu._..

chamber, and celest_.al si.'_,ulator will thus per.,nit realistic evaluation of

cornple:e attitude con_ro_ sys_e.,ns.

v'

.
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